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corresponding to the left and right side of (b, d) TB2 and (e, g) TB1. Scale bars: 
10 nm. (c, f) Aberration-corrected HAADF-STEM images of (c) TB2 and (f) 
TB1 measured in the regions denoted by the dotted white boxes in (a). Scale 
bars: 2 nm. 91 
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Figure 5.3: Bright-field TEM image of the Si nanowire shown in Figure 5.2 with Fast 
Fourier Transforms (FFTs) of the regions denoted by white dotted boxes, 
which confirm that the lattice rotates by 180 ° after each TB. Scale bar: 20 nm.
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Figure 5.4: Side view SEM images of representative Si nanowires measured along the 
<110> direction showing the evolution of catalyst contact angle during double 
TB formation. The contact angles at the left and right side of the nanowire are 
labeled as b1 and b2, respectively. These images were acquired by terminating 
growth (a) after 10 min (i.e. before TB1) as well as (b) 1 min, (c) 2 min, (d) 4 
min, (e) 5 min, and (f) 10 min after the increase in Si2H6 pressure and 
decrease of substrate temperature (i.e. after TB1). Scale bar: 100 nm. 93 
Figure 5.5: Side view SEM images and schematic illustrations of the sidewall 
morphology for representative single and double TBs in Si nanowires. (a) 
Double and (b) single TBs viewed along the <112> direction. (c) Double and 
(d) single TBs viewed along the <110> direction. In each SEM image, the 
location of TBs as well as key {112}, {111}, and {110} facets are denoted by 
the white, green, red, and black dotted lines, respectively. In the schematics, 
{112}, {111} and {110} facets are labeled as such and shaded in green, red, 
and white, respectively. The thin {111} facets present for double TBs are 
shown as yellow dashed lines. Scale bars: 100 nm. 94 
Figure 5.6: SEM images of a representative Si nanowire containing a double TB 
measured at a range of angles above the substrate: 50°, 60°, 70°, and 80°, 
where a (a) {110} sidewall is outlined in white and (b) two thin {111} facets 
are denoted by red dashed lines. Scale bars: 100 nm. 95 
Figure 5.7: Schematic illustrations of (a) single and (b) double TB formation during Si 
nanowire elongation. In all illustrations, {112}, {111} and {110} facets are 
labeled as such and shaded in green, red, and white, respectively. Red arrows 
indicate the direction of facet propagation. In the case of single TBs, 
deformation of the triple-phase line occurs following the formation of inward 
moving {111} facets after the increase of Si2H6 pressure and decrease of 
substrate temperature. After TB1, {111} facets continue until the {112} 
sidewalls remerge. In the case of double TBs, thin {111} facets, highlighted 
by red arrows, survive after the {112} sidewalls reappear and propagate 
diagonally across the {110} facet. {111} facet propagation beyond the 
opposite {110}/{112} edge is highly unfavorable and TB2 nucleates to reduce 
the triple-phase line tension. Thin {111} facets, shown as short dotted red 
lines in (a), occasionally appear following the reappearance of {112} 
sidewalls for the case of single TBs, but disappear before reaching the 
opposite {110}/{112} edge. 97 
Figure 5.8: Side view SEM images of Si nanowires containing triple TBs. Scale bar: 100 
nm. 99 
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Figure 5.9: Correlation of TB spacing with sidewall morphology. (a) Side view SEM 
image of a representative Si nanowire containing a double TB. The {112}, 
{111}, and {110} facets are delineated by green, red, and white dashed lines, 
respectively. The thin {111} facets, which propagate across the {110} facet, 
are shown as dashed yellow lines and the point where they intersect the 
opposite {110}/{112} edge is circled in yellow. The axial distance between 
TB1 and the point where the {112} sidewalls reemerge is defined as l1, while 
l2 is the axial distance between the point where the {112} sidewalls reappear 
and TB2. Scale bar: 50 nm. (b) l1 and l2 measured from SEM images of the 
same 26 nanowires used in Figure 5.1b plotted as function of nanowire 
diameter. 100 
Figure 5.10: (a) Schematic illustration showing the projection of a Si nanowire containing 
a double TB onto the (110) plane. w{111} and w{111}’ are defined as the actual 
and apparent widths, respectively, of the large {111} facets. w{110} and w{110}’ 
are defined as the actual and apparent widths, respectively, of the {110} facets. 
(b) l1 and l2 plotted as a function of w{111} and w{110}, respectively. Data points 
are experimentally derived from measurements of SEM images. Solid lines 
are plots of the equations relating l1/l2 and w{111}/w{110}, specifically l1 = 
0.82w{111} and l2 = 1.41w{110}, as derived from the nanowire structure shown 
in (a). 102 
Figure 5.11: Facet width, l{111} and l{110}, plotted as a function of nanowire diameter. Data 
points are derived from SEM images of the same 26 nanowires used in Figure 
5.1b. 103 
Figure 6.1: Pressure- and temperature-dependent kinking. Side view SEM images along 
the [011] orientation of representative Si nanowires showing <112> → 
<111> kinking: (a) [211] → [111], (b) [112] → [111], and (c) [121] → [111]. 
Scale bars: 100 nm. (d) Corresponding real-time in-situ infrared spectra of the 
n(Si-H) stretching region measured during <112> and <111> segment growth. 
(e) Schematic profile of substrate temperature and Si2H6 pressure as a 
function of time for <112> → <111> kinking. Condition I: 2 × 10-4 Torr 
Si2H6 and 490 °C; Condition II: 5 × 10-4 Torr Si2H6 and 410 °C. Side view 
SEM images along the [011] orientation of representative Si nanowires 
showing <112> → <112> kinking: (f) [211] → [112], (g) [112] → [211], and 
(h) [121] → [112]. Scale bars: 100 nm. (i) Corresponding real-time in situ 
infrared spectra of the n(Si-H) stretching region measured during growth of 
two <112> segments. The blue dotted line, located between the 10 – 15 and 
22 – 27 min spectra, marks the 1 min step at condition I prior to returning to 
condition II.  (j) Schematic profile of substrate temperature and Si2H6 pressure 
as a function of time change for <112> → <112> kinking. 112 
Figure 6.2: Side view SEM images of Si nanowires viewed along the [011] direction 
showing that the initial <111> → <112> kink, denoted by a red star, occurs at 
different axial positions: (a) [111] → [211], (b) [111] → [112], and (c) [111] 
→ [121]. Scale bars: 100 nm. 113 
 xx
Figure 6.3: Left- and right-handed kinking superstructures. Top view SEM images of 
representative (a) [111] → [211] → [111] (false-colored red) and (b) [111] → 
[211] → [111] (false-colored blue) kinking superstructures. (c) 
Superimposition of the superstructures shown in (a) and (b). Top view SEM 
images of representative (d) [111] → [211] → [121] (false-colored red) and 
(e) [111] → [211] → [112] (false-colored blue) kinking superstructures. (f) 
Superimposition of the superstructures shown in (d) and (e). Scale bars: 100 
nm. 115 
Figure 6.4: Schematic illustrates of the terminal nanowire segments projected onto the 
(111) plane.  (a) For a <112> → <111> kink, the projection of the terminal 
segments ([111] and [111]) onto the (111) plane are  [112] and	 [121], 
and	, the angle between these vectors is 120°. (b) For a <112> → <112> 
kink, the projection the terminal segments ([121] and [112]) onto the (111) 
plane are	 145 and	 [154]. ′, the angle between these vectors is	158.2°.
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Figure 6.5: Structural analysis of the initial <111> to <112> kink. (a-c) Bright field TEM 
images of Si nanowires viewed along the [011] zone axis. As described in the 
main text, the initial <111> segment is grown at 2 × 10-4 Torr Si2H6 and 
490 °C (condition I) for 10 min and then 5 × 10-4 Torr Si2H6 and 410 °C 
(condition II) for the next 10 min. All Si nanowires exhibiting a kink contain 
an odd number of TBs, as indicated by the green dotted lines, parallel to the 
[211] direction: (a) 1, (b) 3, and (c) 5 TBs. Red arrows and stars indicate the 
nucleation point of the last formed TB and kink position, respectively. Scale 
bars: 100 nm. (d) High resolution TEM image of the region indicated by the 
white box in (a) showing a single TB. Scale bar: 10 nm. (e, f) High resolution 
TEM images of the regions indicated in (b) showing the existence of 3 TBs. 
Scale bars: 10 nm. (g) High angle annular dark-field (HAADF) scanning 
TEM image of the region indicated in (c) confirming 5 TBs. Scale bar: 2 nm.
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Figure 6.6: Sidewall facet morphology near a <112> → <111> kink. Nanowires in all 
images are labeled [111] → [211] → [111] for simplicity and as described in 
the text. (a, f, k) Low magnification bright field TEM images taken along 
[011], [110], and [213] zone axis, respectively. Each FFT inset is of the 
region near the kink. Scale bars: 100 nm. (b, c) High resolution TEM images 
of the regions boxed in (a). Scale bars: 5 nm. (g, h) High resolution TEM 
images of the regions boxed in (f). Scale bars: 5 nm. (l, m) High resolution 
TEM images of the regions boxed in (k). Scale bars: 5 nm. (d,i,n) 45° view 
SEM images highlighting the {111} facets (false-colored in red) shown in 
(a,f,k). {111} facets not observed via TEM are also noted (false-colored in 
blue). All facets belonging to the twinned domain are denoted with the 
subscript t. TBs are indicated by green dotted lines and/or arrows. Scale bars: 
100 nm. (e,j,o) Summary illustrations from the side and top of the [211] → 
[111] kink. 119 
Figure 6.7: Side view SEM images of two distinct kinking superstructures, specifically (a) 
[111] → [211] → [111] and (b) [111] → [211] → [111], exhibiting a nearly 
identical projection onto the [011] plane. Scale bars, 100 nm. 120 
Figure 6.8: Analysis of odd diffraction pattern at [211] → [111] kink. (a) Low 
magnification bright field TEM image along [213] zone axis of representative 
[211] → [111] kink. Scale bar: 50 nm. High resolution TEM images of the 
nanowire measured, as denoted by the dotted boxes in (a), near the (b) 
catalyst droplet tip and (c) [211] → [111] kink. Scale bars: 10 nm. (d, e) FFT 
diffraction patterns corresponding to the TEM images in (b, c). The 
diffraction patterns in (d) and (e) confirm that these regions are single-
crystalline and twinned, respectively. (f, g) Schematic illustration of nanowire 
cross-section at each point indicated in (a). 122 
Figure 6.9: Comparison of TB propagation at [211] → [111] and [211] → [112] kinks. 
Side view SEM images along the [011] direction of representative (a) [211] 
→ [111] and (b) [211] → [112] kinks. The approximate location of each TB 
is denoted by green dotted lines and arrows. Important sidewall facets are 
false-colored in red. Scale bars: 100 nm. (c) Low magnification bright field 
TEM image along the [011] zone axis of the [211] → [111] kink showing 
that the TB terminates at the sidewall of the [111] segment. Scale bar: 50 nm. 
(d) Low magnification bright field TEM image along the [011] zone axis of 
the [211] → [112] kink. The TB does not terminate in this situation, but 
propagates inside the new [112] segment. Scale bar: 50 nm. Inset: High 
resolution TEM image showing the TB and faceting of the liquid-solid 
interface. Scale bar: 5 nm. 123 
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Figure 6.10: (a) Low magnification bright field TEM images along the [011] zone axis of 
a Si nanowire kinking superstructure showing that the TB continues at a 
<112> → <112> kink. (b) Rotation of the same nanowire by 30° around the 
[111] direction confirms that two <112> segments, specifically [211] and 
[112], are present. The Au catalyst tip likely detached during ultrasonication 
in preparation for TEM imaging. Scale bars: 100 nm. 124 
Figure 6.11: Schematic illustration of growth front morphology, particularly liquid-solid 
interface faceting, as a function of kink type and growth time. The liquid-solid 
interface of the first [211] segment exhibits two {111} facets oriented 141° 
with respect to each other. At a [211] → [111] transition, the liquid-solid 
interface front facet becomes flat, similar to traditional <111> growth, and the 
TB terminates. However, our data and proposed model indicate that a [211] 
→ [112] transition results in a liquid-solid interface that is inverted with 
respect to the first [211] segment. Two {111} facets, oriented 219° relative to 
each other, are now present. 125 
Figure 6.12: Proposed kinking mechanism. (a) The liquid-solid interface of [211] 
nanowires growing under condition II consist of (111)SL and (111)SL,t facets 
with an angle of 141° between them. (b) After transitioning to condition I, 4 
{111} facets emerge from the {113} sidewalls, distort the triple-phase line, 
and cause the catalyst droplet to wet the (111)SL,t and (111)SL facets while the 
(111)SL and (111)SL,t facets shrink. (c) At a later time, the liquid-solid 
interface completes its transition to (111)SL,t and (111)SL. (d) For nanowires 
that then grow in the [111] direction (continuation of condition I), the liquid-
solid interface becomes (111)SL and the TB terminates at the sidewall. (e) 
Nanowires that continue growth in the [112] direction (condition II reapplied 
after 1 min at condition I) exhibit (111)SL,t and (111)SL facets at the liquid-
solid interface. These liquid-solid facets, which are angled 219° with respect 
to each other, are inverted relative to the case for the [211] segment shown in 
(c). Importantly, the TB is continuous between the [211] and [112] segments.
 126 
Figure 6.13: Bright field TEM images of the growth front for a Si nanowire after the (a) 
first and (b) second <112> segment. Note the inverted relationship of the 
liquid-solid interface. Inset: FFT diffraction patterns confirm the presence of a 





 Semiconductor nanowires are a promising building block for various applications 
in optics, electronics, or thermoelectrics, due to their controllable properties via structure 
engineering. In spite of the successful demonstrations of controlling semiconductor 
nanowire structures (e.g. multiply kinking superstructure or twinning superlattice) over 
past decade, fundamental understanding of mechanisms during the nanowire growth has 
remained unclear. In the vapor-liquid-solid (VLS) growth method using vapor phase 
chemical molecules as the reaction sources, it is expected that the role of surface 
chemistry is important for the overall nanowire growth behavior.  
In this thesis, we suggest a new route to control the structure of semiconductor 
nanowires using surface chemistry. Specifically, in Au-catalyzed Si nanowire growth 
using hydride species (Si2H6) as growth precursors, we measure that the surface hydrogen 
existing on the nanowires sidewalls affects the growth morphology actively. Firstly, we 
show the spectroscopic evidence of atomic hydrogen bonded to sidewall surface of Si 
nanowires in real-time during growth and correlate their relative change with different 
growth orientations. By introducing additional atomic hydrogen during the <111>-
oriented nanowire growth with intrinsically low hydrogen concentration, we observe that 
the growth orientation changes to <112> orientation due to the surface hydrogen increase.  
We also show that the transient change in the nanowire growth conditions can 
rationally induce the planar defects in Si nanowires. We modify the growth temperature 
and pressure for short amount of time to induce the significant change in the surface 
hydrogen, and confirm transverse twin boundaries or angled stacking faults nucleate 
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when the growth conditions change. This result suggests the rational introduction of 
planar defects is possible in user-programmable manner, and the possibility of 
engineering defect superstructure in Si nanowires.  
We also demonstrate the formation of multiple, consecutive transverse twin 
boundaries (TBs) in <111> oriented Si nanowires. The spacing between each TB is 
governed by the diameter-dependent sidewall facet morphology. This result suggest that 
the fabrication of defect superstructures (i.e. twinning superlattice) which is frequently 
observed in group III-V nanowire system is also possible in group IV nanowires. 
Finally, we combine real-time in situ infrared spectroscopy with high-resolution 
electron microscopy to show the critical role of surface hydrogen and twin boundary (TB) 
propagation during the <111>/<112> kinking of Si nanowires. We also identify the 
mechanism by which high fidelity superstructures are possible. In particular, the presence 
of a continuous TB at <112> → <112> kinks, and the pinning of the nucleation site that 
likely accompanies it, reduces the number of degenerate directions available to the 
nanowire. Our findings provide important insight into the vapor-liquid-solid technique 
and identify new possibilities for systematically controlling nanowire kinking. 
Overall, this thesis highlights the crucial role of surface hydrogen impacting VLS 
Si nanowire growth and suggests a new route to control nanowire structures using surface 







Recent advances in nanotechnology have demonstrated numerous applications of 
manipulating material properties via nanoscale structure control. Especially in 1-
dimensional (1D) nanowire systems, scientists and engineers have achieved a high degree 
of ability to control the shape, crystal phase, and compositions over the last decade. 
Notably, designing structures of nanowires is directly related to the manipulation of 
physical properties for various applications such as optoelectronics,1, 2 light absorption,3, 4 
and thermoelectric devices.5, 6 Due to this clear dependence of properties on the nanowire 
structures, various researches have been seeking to control these structures during 
synthesis, and several promising results showing rational controls are available in the 
literature.7-10 
 
1.1. Semiconductor Nanowire Growth 
In the 1960s, Wagner and Ellis showed that 1D structures of Si crystals can be 
synthesized from a vapor phase source using metal impurity as the catalyst,11 and this 
method has been named vapor-liquid-solid (VLS) growth. A schematic illustration of the 
VLS growth process is shown in Figure 1.1. In this growth mechanism, the vapor phase 
precursor molecules such as hydride (e.g. SiH4 or Si2H6) or chloride (e.g. SiCl4) are used 
as the source of growth. They are transferred to the substrate surface where the metal 
catalysts (e.g. Au or Al) exist and decompose. Continuous supply of vapor phase 
precursor molecules induces the supersaturation of the catalyst, and nucleation of the 
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crystal phase occurs at the interface between the solid substrate and liquid alloy. Once the 
nucleation occurs, the bilayer addition process is continued from the nucleation point 
along the interface between the catalytic alloy and the solid-phase. As long as the catalyst 
droplet is maintained in supersaturation state by the introduction of precursor molecules 
to form the nucleus, the growth continues such that a nanowire grows out from the 
substrate. Therefore, nanowire growth is a non-equilibrium process dependent on the 
precursor molecule transport and catalytic activity of the alloy droplet.  
 
 
Figure 1.1: A schematic illustration of VLS growth mechanism of Si nanowire. 
 
Gold is the most popular metal in VLS growth of Si nanowires because it is 
generally known that it forms a deep eutectic with Si12 in the phase diagram. Although 
the melting points of pure Au and Si are 1064 °C and 1410 °C each, once they are at 
eutectic composition, the Au-Si alloy melts at 363 °C with 19 % of atomic composition 
of Si. This enables the epitaxial growth of nanowires at relatively low temperature 
conditions with hydride precursors. 
 Since the nanowire growth can be continued as long as the alloy droplet 
maintains its catalytic activity in the VLS method, the length of nanowires can be 
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modulated by changing growth time.13 Also the axial growth rate can be varied according 
to the change in the process pressure, temperature, catalyst size, and the density of 
nanowires on the substrate.14-17 
 
1.2. Common Observations in Nanowire Growth 
Various interesting phenomena have been observed from semiconductor nanowire 
growth catalyzed by Au. Since the nanowire growth is dominated by the kinetics at the 
triple-phase line (TPL) of the Au catalyst and nanowire sidewall facet near the growth 
front, the overall morphology and crystal structure of nanowires are determined at this 
region.  
There have been several reports about the diameter-dependent growth rate of 
semiconductor nanowires.15, 18-21 In a range of growth conditions, nanowires with smaller 
diameter ( ≤ 50 nm) have exhibited relatively slower growth rates than larger nanowires 
( > 100nm) and this phenomenon has been considered due to the Gibbs-Thompson 
effect,12, 22 in which the supersaturation of catalyst droplet directly affects the growth 
rate.23 However, several results showing different growth behavior also have been 
reported in other systems. Especially when the precursor (SiH4 or Si2H6) pressures are 
sufficiently low such that the Au catalyst can diffuse onto the nanowire surface, the 
diameter-independent growth rate is observed.16 In addition, when the influx of Si 
precursor to the catalyst is rapid such that the supersaturation leading to the lift-off of the 
droplet (thus, the growth of nanowire) occurs early, reversed growth rate, where smaller 
diameter nanowires show higher growth rate, has been reported.24 Despite this 
inconsistency in the observations on growth rate which is system specific, traditional 
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models for the nanowire growth have emphasized the change in the supersaturation of 
catalyst droplet,25 without considering the surface energy change in the solid-vapor 
interface facets. 
A nanowire is composed of sidewall facets with multiple orientations, and for 
single crystalline nanowires, the orientations of sidewall facets are different depending on 
the growth orientations.15 For example, <111> oriented Si nanowires generally show 
{112}  sidewalls which are sub-faceted into {111} and {113} planes.26 However, when 
nanowires grow along <112> orientation, {111}, {113}, and {110} surfaces compose the 
sidewall facets27 and <110> oriented nanowires exhibit {111} and {110} sidewall facets. 
Under specific growth conditions, nanowires tend to have the lowest-free-energy 
configuration at certain diameters, which determines the sidewall facet orientations. 
Experimental observations over the last decade have suggested that there is a relationship 
between the nanowire diameter and particular growth orientations.28, 29 As nanowire 
diameter decreases, the sidewall facets with lower energy are favored, resulting in 
specific growth directions depending on the diameter. For example, as demonstrated by 
Wu et al,19 a majority of nanowires with sub 10 nm diameters grow in <110> directions, 
whereas those with diameters between 10 and 20 nm are oriented in <112> directions. 
Therefore, this difference in growth directions is explained by the difference in the 
sidewall surface energy. For the Si crystal system, the surface energies are different 
between each facet orientation,30-32 as shown in Table 1.1. 
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Table 1.1: Surface energies of major (hkl) facets of Si.30 Copyright 1993 by The American Physical 
Society. 
 
As mentioned above, since the nanowire growth is continued from the bilayer 
addition process at TPL, microscopic observations at the growth front of nanowires have 
provided some insights on growth kinetics. Recently, with the aid of in situ transmission 
electron microscopy (TEM), several research groups have observed the periodic change 
in the growth front facet morphology by forming a truncated facet at the edge of TPL.33-35 
In this process, the truncated facets exhibit oscillatory behavior synchronized with the 
step flows36 of bilayer addition, as shown in Figure 1.2. These findings indicate the 
growth kinetics must be considered by the balance between the cyclic change of chemical 
potential in the catalyst droplet and the surface tension of droplet, and also importantly, 
the newly formed facets’ surface energy. 
 
       
 (a)                                                                             (b) 
Figure 1.2: In situ bright-field TEM observations of truncated facets formation at the edge of TPL 
measured from (a) Ge34 and (b) Si nanowire.35 (a) Reprinted with permission from Gamalski et al.34 
Copyright 2011 American Chemical Society. (b) Copyright 2011 by The American Physical Society. 
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Another common observation in the semiconductor nanowire system is growth 
orientation change, which is called kinking.37-41 This is distinct behavior from the 
diameter-dependent growth orientations mentioned above, because kinking is a 
kinetically induced process. Madras et al. reported that Au catalyzed Si <111> nanowires 
can kink into <112> as temperature decreases from 500 °C to 400 °C, or pressure 
increases from 0.2 mTorr to 0.7 mTorr.37 This kinking is related to the state of the 
sidewall surface. Since Au atoms are mobile and readily diffuse on the {112} surface of 
the Si lattice in the temperature range of VLS growth,42, 43 <111> nanowires vertically 
grown from Si (111) substrate exhibits {112} sidewalls decorated with Au atoms diffused 
from the catalyst at the top. However, when the nanowire kinks to <112> orientation, it 
has been confirmed that the degree of wetting of Au on nanowire sidewalls is reduced.44, 
45 The change in the Au mobility on the nanowire sidewalls has been thought of as related 
to the pressure of precursor molecules. Nevertheless, the fundamental understanding in 
regard to the chemical species from the precursor decomposition which can affect the Au 
wetting behavior on the nanowire sidewalls has remained unclear. 
Recently, Dayeh et al. showed that the similar <112> kinking of the Si segment 
grown from <111> oriented Ge nanowire in Si/Ge heterostructure, and found that there 
exist {111} planar defects parallel to the <112> kinking orientation.39 Actually, this 
morphology of planar defects propagating parallel to the <112> growth orientation has 
been generally observed from nanowires with various material systems,46-51 as shown in 
Figure 1.3. Although defect formation has been interpreted as due to the change in the 
supersaturation of the catalyst droplet, because of the experimental challenge in 
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measurement,52 the details of nanowire growth mechanisms with the existence of planar 
defects have remained elusive. 
 
           
(a)                                                                    (b) 
Figure 1.3: TEM images showing <112> oriented (a) Si48 and (b) Ge51 nanowires with parallel planar 
defects. (a), adapted from Su et al.48 with permission from The Royal Society of Chemistry. (b) Reprinted 
with permission from Jeon et al.51 Copyright 2013 American Chemical Society. 
 
1.3. Structure Engineering of Semiconductor Nanowires 
 In parallel with the advances in elucidation of the growth mechanism, there have 
been various attempts to control the morphology and crystal structure of nanowires. 
First, by modulating the growth conditions, kinking superstructures of Si 
nanowire composed of multiple segments have been fabricated.53 Using this knowledge, 
the same research group has demonstrated the applications of this structure in three-
dimensional (3D) bioprobes.54-56 Several other approaches have been employed to 
achieve similar kinking superstructures by using shape guided method57, selective 
chemical etching,58 or surface chemisty40. Nevertheless, it still remains challenging to 
achieve well-defined multiple kinking superstructures in a controllable manner. 
Phase engineering of zinc blende (ZB)/ wurtzite (WZ) crystals59 or defect 
superstructures composed of periodically spaced multiple transverse planar defects7, 9 
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have also drawn the attention of nanowire researchers. Since physical properties such as 
band structures are affected by the crystal phase/structure, having control over planar 
defect formation in nanowires promises opportunities to tune their optical and electronic 
properties.60 Interestingly, this defect engineering is more frequently demonstrated in III-
V nanowire systems (e.g. InP, InAs, GaP, GaAS, etc) rather than group IV (Si or Ge) 
nanowires where few studies have demonstrated a limited range of defect engineering.47, 
61, 62 A few examples of nanowire superstructures obtained from these structure 
engineering approaches are shown in Figure 1.4. 
 
     
(a)                                                               (b) 
Figure 1.4: Examples of structure engineering of nanowires. (a) Kinking superstructures composed of 
multiple Si <112> oriented segments.53 (b) InAs nanowires exhibiting twinning superlattice.9 (a) Adapted 
by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. Tian et al,53 copyright 2009. (b) Adapted 
by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. Caroff et al,9 copyright 2008. 
 
Another example of nanowire structure engineering is controlling the lateral 
dimensions (i.e. diameter modulation). When the diameter varies in a nanowire, one can 
expect the enhancement of light absorption63 or thermoelectric conversion efficiency.64 
This change in the nanowire diameter has been observed for a variety of material systems 
(e.g., Ge, GaN, InP, Si/GaP), mostly by changing the volume of catalyst via empirical 
control of growth parameters.10, 65-67 
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In overall, various attempts to control the structure of nanowires have shown 
successful demonstrations. Nonetheless, fundamental understanding of the process 
inducing the structural change regarding surface chemistry has remained unclear. 
Therefore, it necessitates again understanding the role of surface chemistry on nanowire 
growth to achieve systematic control, especially in chemical precursor-based growth. 
 
1.4. Energetic Significance of Chemical Surface Termination 
 In colloidal nanocrystal systems, the crystal growth is significantly affected by the 
change of interface energy, which is kinetically controlled by selective adhesion of 
surfactant molecules on particular facets.68 Anisotropic rod-shaped nanocrystals can be 
synthesized by the attachment of organic surfactant molecules to one facet,69 or even 
complex shapes can be prepared by controlling relative growth rates of crystal facets with 
different surface energy.70, 71 These examples substantiate the role of surface chemistry 
on crystal growth via termination of exposed facets. Surface functionalization of the 
crystal surface by vapor phase molecules under a vacuum environment also has been 
studied extensively.72, 73 Experimental demonstrations of various types of molecules 
adsorbed on the semiconductor crystal surfaces in vacuum suggest that it is also possible 
to control the structure via selective facet passivation in vapor phase reaction.74-76 
Turning attention to nanowire growth using the VLS method, it is noted that the 
hydride precursor molecules (i.e. SiH4, Si2H6) decompose to produce atomic hydrogen. In 
the traditional growth model, hydrogen atoms are considered to desorb from the surface 
of the catalyst once the precursor molecules are decomposed.77, 78 However, surface 
studies on hydrogen desorption kinetics from various substrate surfaces79, 80 suggest that 
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desorption of hydrogen occurs at generally higher temperatures than the actual growth 
range in the VLS process. This is important since hydrogen desorption is the rate limiting 
step of 2-dimensional film growth of Si.81, 82 Therefore, the role of surface hydrogen on 
the nanowire sidewalls cannot be underestimated and the new approach considering 
surface chemistry as the energetic variable of VLS nanowire growth is needed.  
 
1.5. Objectives of this Thesis 
 The objective of this thesis is to suggest a new route to control semiconductor 
nanowire structure using surface chemistry. Specifically, hydrogen produced from the 
decomposition of Si2H6 is considered to impact the growth kinetics of VLS-grown Si 
nanowires. As shown in the previous sections, we expect the surface energy change via 
chemical bonding formation between atomic hydrogen and surface Si atoms is 
sufficiently significant to impact the growth morphology. To this end, this thesis provides 
evidence of (1) atomic hydrogen existing on the sidewall surface of nanowires during 
VLS growth; (2) the active role of extrinsic hydrogen inducing changes in growth 
kinetics; (3) morphological change of nanowires (i.e., growth orientation change and 
planar defect formation) according to the difference in the surface hydrogen amount. 
 Since hydrogen atoms existing on Si surface are relatively short-lived and 
unstable, their measurement must be achieved in an ultra-high vacuum environment. 
Notably, conventional structural analysis employing the in situ TEM technique is not 
appropriate for the detection of “light” hydrogen atoms on surface. Therefore, we employ 
in situ IR spectroscopy to detect hydrogen bonding on Si surface. By performing the 
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measurement in real-time, we confirm the increase of surface hydrogen on the sidewall 
surface during nanowire growth.  
 The correlation between surface hydrogen coverage and observed morphology 
change in nanowire growth orientation strongly suggests the active role of hydrogen on 
the growth kinetics. We developed the method to introduce additional hydrogen to impact 
the amount of surface hydrogen at the given condition extrinsically, and confirmed the 
evidence that hydrogen can induce change in the nanowire growth orientation (i.e. 
kinking). 
 Changes in the surface hydrogen amount induce the generation of planar defects 
in nanowires as well as kinking. Since nanowire growth is continued via a bilayer 
addition process initiated near the sidewall surface, changing the surface hydrogen 
amount can cause fault stacking at the growth front. We show the correlation between the 
growth condition change and planar defects positions, and suggest a new approach to 
engineer the defect superstructure in semiconductor nanowire. 
 We also find the relationship between surface hydrogen and defect propagation in 
Si nanowire kinking superstructures. By combining real-time in situ infrared 
spectroscopy with high-resolution electron microscopy, we observe the critical role of 
surface hydrogen and twin boundary (TB) propagation during the <111>/<112> kinking 
of Si nanowires. Our findings provide important insight into the vapor-liquid-solid 
technique and identify new possibilities for systematically controlling nanowire kinking. 
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1.6. Thesis Outline 
 Experimental details of the system used in this thesis are presented in Chapter 2. 
A custom-built ultra-high vacuum (UHV) chamber equipped with an in situ Fourier 
Transform Infrared (FTIR) spectrometer is used for the growth of Si nanowires coupled 
with the surface chemistry measurement.  
In Chapter 3, the results of real-time in situ IR spectroscopic measurement on the 
surface hydrogen of Si nanowire sidewalls grown at different temperature and pressure 
conditions are presented. By comparing the spectra obtained from the planar substrates of 
specific crystal orientation, we identify the orientations of nanowire sidewalls and find 
the correlation of growth direction change (or kinking) and amount of surface hydrogen. 
Especially, by introducing extrinsic hydrogen, we confirm their important role on 
nanowire kinking.  
The change of surface hydrogen during nanowire growth can also introduce 
planar defects. In Chapter 4, we show the rational introduction of planar defects into the 
Si nanowires by changing growth conditions during growth. Rapid modulation of growth 
temperature and pressure can promote transient change in the amount of surface 
hydrogen on the solid-vapor interface at the growth front. This process increases the 
probability of nucleation of planar defects- transverse twin boundaries (TB) and angled 
stacking faults (SF) from the nanowire surface, which enables controlled placement of 
planar defects at user-defined positions in the nanowires. 
Chapter 5 presents the formation of consecutive formations of transverse TBs in 
the Si nanowires by controlling growth conditions, changing the method presented in 
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Chapter 4. A geometric model based on the sidewall facet morphology is provided to 
explain the diameter-dependent position of secondary TB.  
In Chapter 6, the interplay between surface hydrogen and defect propagation in Si 
nanowire kinking superstructures is presented. A detailed understanding of the interplay 
between surface termination, defect propagation, and kinking would constitute an 
important step toward the ab initio synthesis of distinct types of high fidelity kinking 
superstructures. 
Finally, Chapter 7 provides the overall conclusions with suggestions for the future 
work regarding the surface chemistry based structure controls. 
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2.1. Ultra-high vacuum (UHV) chamber 
 All of the experimental results described in this thesis were obtained from a 
custom-built ultra-high vacuum (UHV) chamber equipped with a Fourier Transform 
infrared (FTIR) spectrometer. The system is composed of a 12 inches-diameter spherical 
main chamber where the nanowire growth is carried out and a load lock chamber for the 
sample loading/unloading. A top view schematic drawing of the main UHV chamber 
with FTIR setup is illustrated in Figure 2.1 and perspective view of the overall system 
and photo are shown in Figure 2.2.  
 
 




Figure 2.2: (a) A perspective view of UHV chamber system. Photograph of (b) main chamber  
 and (c) load lock assembly. 
 
 2.1.1. Vacuum pumps 
 The vacuum of the main chamber and the load lock is achieved by a “main” 
650 L/s magnetic levitation turbomolecular pump (Edwards, STP 603C), and a 60 L/s 
turbomolecular pump (Edwards, EXT75DX), respectively. An 8” gate valve (VAT, UHV 
Series 108) is installed between the main UHV chamber and the main turbomolecular 
pump and the load lock is isolated from the main chamber by a 4” gate valve (VAT, 
DN100).  Both main and load lock turbomolecular pumps are backed by rotary vane (RV) 







This configuration of pumps can achieve about 3 × 10-10 Torr of overall base pressure in 
the UHV chamber after 48 – 72 hours bakeout. 
 
 2.1.2. Sample holder 
 A sample holder is used to load the sample substrate into the main UHV chamber. 
It is designed for the experimental procedure including pre-heating, metal film deposition, 
nanowire growth, and transmission IR measurements. Figure 2.3 shows the drawing of 
the sample holder design. Molybdenum (Mo) is used as the material to heat the Si 
substrate above 1200 °C. The sample substrate cut by 5 ~ 10 mm (height) × 24 mm 
(width) is placed on the base plate and the position is fixed by 2 Mo clips at sides with 
Mo screws. Since the sample substrate is heated via direct resistive heating by flowing 
current, 2 ceramic tube spacers are connecting the two base plates to prevent the electric 
short from the metal thin film deposition on the sample holder.  
 
 
Figure 2.3: Schematic drawing of the sample holder for the nanowire growth.  
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 2.1.3. Load lock and sample translation 
 The load lock is designed to transfer the sample into the main UHV chamber 
without venting. In this system, a Z-translator with 36 inches travel length (McAllister 
Technical Services, ZA4536) mounted on top of the main chamber is transferred down to 
the load lock chamber through a gate valve, where the space between the translator wall 
and the gate valve is sealed by two Viton quad seals and differentially pumped by a load 
lock turbomolecular pump. This enables the venting of the load lock chamber for the 
sample holder loading. Venting is carried out via an all-metal angle valve (VAT, DN 16) 
by flowing nitrogen gas, and the sample holder is loaded to the sample translator in 
atmospheric pressure. 
 After the sample holder is loaded, the load lock is roughly pumped down by a 
rotary vane pump (Edwards, RV 12), by opening a small right-angle valve (Kurt J. 
Lesker). The rough pumping is maintained for approximately 5 minutes until the pressure 
of about 1 × 10-2 Torr is achieved. Then, the valve is closed and the big right-angle valve 
(Kurt J. Lesker) connecting the load lock chamber and small turbomolecular pump is 
opened such that the load lock chamber is further pumped down to about 10-7 Torr for the 
next 15~20 minutes. 
 Once the appropriate level of pressure is confirmed by a load lock ionization 
gauge, the Z-translator is raised into the main chamber. The translator is manipulated by a 
DC motor assembly and controlled remotely. During the initial movement of the 
translator, it is possible for the main chamber pressure to increase temporarily due to the 
pressure difference between the main chamber and load lock. Therefore, it is 
recommended to wait for a sufficient amount of time until the load lock pressure reaches 
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approximately 10-7 Torr and the 4” gate valve should be closed as the sample holder 
assembly is completely out of the gate valve region to minimize further pressure increase 
in the main chamber. Then, the sample holder is moved to the center of main chamber by 
raising the translator. 
 The position of sample holder in the main chamber can be adjusted not only in Z, 
but also in X, Y, and Q (rotating) direction.  It is essential to position the sample with 
high precision due to the IR measurement. The motion in X and Y direction is achieved 
by the XY manipulator (McAllister Technical Services, MC2000), and the rotation by a 
two-stage differentially-pumped rotary platform (McAllister Technical Services, 
DPRF275).  
 
 2.1.4. Sample heating and cooling 
 The sample loaded in the main chamber can be heated by the direct heating 
method. In this method, electric current is directly pumped to the Mo sample holder and 
conducted through the sample substrate. According to the sample’s intrinsic resistivity 
and dimension (width, length, and thickness), the available temperature range via 
resistive heating can be varied. Two different DC power supplies (MKS, SVTA) are used 
for current flowing. Since the resistance of the semiconductor substrate is highly 
dependent on the temperature, the power input must be sufficiently large such that the 
current can flow through the substrate at room temperature during the initial heating. 
Once the sample is heated and the resistance drops, then the power supply is switched to 
the other one (SVTA), and the input current is adjusted to the increased value. As the 
temperature rises, the resistivity of the substrate decreases and rapidly drops at extrinsic 
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regime. Therefore, it is required to take care to prevent the sample from melting. A 
photograph of sample during the resistive heating is shown in Figure 2.4.  
 
 
Figure 2.4: Sample substrate during the resistive heating. 
 
 Cooling of the sample is achieved by a cold finger attached to the Z-manipulator. 
By filling liquid nitrogen inside of the finger, the heat from the sample holder is 
thermally conducted and the sample is cooled down accordingly.  
 
 2.1.5. Temperature measurement 
 Sample temperature is measured by two different methods. First, a thermocouple 
directly connected to the back plate of the sample holder is used to measure around room 
temperature range. However, as the sample temperature increases by resistive heating, the 
response of the thermocouple is slower than the actual temperature change due to the 
delay in conduction. This necessitates the use of an infrared pyrometer (Mikron) for 
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accurate measurement at the higher temperature range. The pyrometer has a measurable 
range of temperature between 250 °C and 1350 °C at 100% emissivity setting.  
Temperature is calibrated by the temperature-programmed desorption (TPD) 
measurement of atomic hydrogen-saturated Si(100) surface using a quadrupole mass 
spectrometer (Hiden, HAL/3F 301 RC). Based on the substrate type (i.e. Si or Ge), this 
emissivity setting can be varied.  
 
 2.1.6. Pressure measurement 
 Two nude UHV ionization gauges (Duniway Stockroom) with a measurable 
pressure range between 2 × 10-11 Torr and 1 × 10-3 Torr are attached in the main chamber 
and load lock, respectively. Since the nanowire growth is carried out in various ranges of 
precursor pressure between 5 × 10-5 Torr and 2 × 10-2 Torr, the ion gauge is usually 
turned off during the precursor gas flow for the nanowire growth to prevent filament 
damage. For high pressure growth above 1 × 10-3 Torr, a capacitance manometer (MKS, 
627D) is used to measure chamber pressure more accurately. 
 Pressure of the process lines filled with precursor gases and the exhaust lines of 
turbomolecular pumps backed by RV mechanical pumps are measured by convection 
gauges (Kurt J. Lesker, Duniway Stockroom, measuring range – 0.1 mTorr to 1,000 Torr). 
 
 2.1.7. Gas delivery, pressure control and hydrogen doser 
 For the nanowire growth via chemical vapor deposition (CVD) process, 
pyrophoric precursor gases (Si2H6, Ge2H6) are used. Therefore, the storage of the 
precursor cylinders, delivery of gases, and exhaust line connections must consider the 
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Figure 2.5: Schematic diagram of precursor gas delivery system. 
 
 Both Si2H6 and Ge2H6 cylinders are stored in the gas cabinet and the emergency 
shut-off (ESO) valves coupled with the gas sensors (Honeywell) are connected to the gas 
delivery lines such that the flow is automatically shut down when the concentration of 
gases in the laboratory reaches a certain level. The gases from the outlet of the regulators 
are delivered to a mass-flow controller (MKS) to control the filling rate of the process 
lines connected to the main chamber. Finally, the precursor molecules in the process lines 
are introduced into the chamber via a precision leak valve (Duniway Stockroom, VLVE-
1000) coupled with the capillary doser components. The total length of doser is 12.9” and 
it is directly attached to a Z- translator with 4” travel length (McAllister Technical 
Services). By manipulating the translator, the distance from the doser tip to the sample 
 25
substrate can be adjusted during the experiment to change the local pressure nearby the 
sample substrate. For the high pressure growth above 1 × 10-3 Torr, the 8” gate valve 
between chamber and turbomolecular pump is partially closed while precursor gas is 
introduced through the leak valve. A controller (VAT, PM5) is used to adjust the degree 
of closing remotely and it is possible to control the gate valve based on the pressure 
reading of capacitance manometer to obtain constant pressure.  
 Unreacted precursor molecules are exhausted from the chamber and sent to a gas 
abatement system (CSK, CTW600) operated at 800 °C under continuous flow of a water 
and air environment such that the exhaust gases are completely reacted before being sent 
to the building ventilation system. 
 In addition to the delivery of main precursor molecules, other compounds can also 
be introduced to the chamber via an additional gas manifold. A photograph of the 
manifold lines is shown in Figure 2.6.  
 
 
Figure 2.6: Photograph of the gas manifold lines. 
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 Various types of molecular compounds stored in the custom-made stainless steel 
container (inner volume: 5 mL) are connected to the manifold lines with 2 VCR valves 
(Swagelok) for purification by multiple cycles of freeze-pump thaw. In usual conditions, 
the manifold line is evacuated by a RV mechanical pump (Edwards, RV12F) to maintain 
the base pressure of 10-3 Torr. When the compounds are introduced to the system, a right 
angle valve (Kurt J. Lesker) connecting to the pump is closed to isolate the section filled 
with molecules. 
 It is also possible to flow high purity hydrogen gas (Airgas, 99.9999%) through 
the manifold lines. Molecular hydrogen gas is introduced to the chamber through a 
separate leak valve (Duniway Stockroom). It is connected to a separate doser (inner 
diameter: 9.53 mm). This doser is coupled with a W filament (Ted Pella, 99.95%), and 
resistively heated by electric current to crack the molecular hydrogen from the leak valve. 
A schematic drawing of the hydrogen doser is depicted in Figure 2.7. 
 
 
Figure 2.7: Schematic drawing of the hydrogen doser component. 
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2.2. Sample preparation 
 For all of the nanowire growths conducted in this research, <111> – oriented Si 
wafers (El-Cat, FZ, double-side polished, 40–60 Ω-cm, 500 mm thickness) were used and 
cut by 5 mm (height) × 24 mm (width) for loading on the sample holder.  
 
2.2.1. Native oxide removal 
 Before the sample substrate is loaded into the chamber, native oxide layers with 
2~3 nm thickness are removed by a wet chemical cleaning process. The substrate is 
immersed in 1M concentration of ammonium fluoride (NH4F) solution (J.T. Baker) for 5 
minutes. Then, the residual solution on the substrate surface is rinsed by deionized water 
for 30 seconds, followed by nitrogen blowing to remove water. Through this process, the 
substrate surface is terminated by monohydrides.  However, since the termination is 
temporary under atmospheric pressure, it is desired to transfer the wet-etched substrate 
into the load lock as immediately as possible.   
 
2.2.2. Flash cleaning 
 Once the sample is loaded in the load lock and transferred into the main UHV 
chamber, it is cleaned in situ by resistive heating. First, the substrate is pre-annealed for 1 
hour at 700 °C to remove any surface desorbed species. Then, it is directly heated to 
1200 °C to “flash” for 10 seconds. During this process, oxygen impurities existing in the 
bulk substrate is diffused out of the surface.1 The sample is then cooled down to the room 
temperature at a cooling rate of approximately 2 °C/s. This slow cooling enables the 
formation of atomically clean, flat Si (111) surface.  
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2.2.3. Thin film deposition of metal catalyst 
 To grow nanowires via vapor-liquid-solid (VLS) method from the substrate, it is 
required to use metals forming eutectic with Si as the growth catalyst. There are various 
methods for metal deposition onto the substrate, such as colloidal particle solution 
deposition, thin film deposition via thermal evaporation, or e-beam evaporation. In our 
system, we employ the thermal (for Au) and e-beam evaporation (for Al) methods to 
enable in situ film deposition onto the vacuum-prepared, clean substrate. 
 
 
Figure 2.8: Photographs of thermal and e-beam evaporators attached to the main chamber. 
 
 
2.2.3.1. Thermal evaporation 
 Thermal evaporation of Au is performed using a hot lip effusion cell (SVT 
Associates, HL-16). A boron nitride crucible (volume: 40 cc) containing high purity Au 
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shots (ESPI Metals, 99.9999%) is heated above the melting point of Au (1064 °C), and 
the deposition is initiated at 1310 °C by opening the manual shutter. While the deposition 
takes place, Au thickness is determined by a UHV-compatible quartz crystal 
microbalance (QCM) monitor (MKS Instruments). When the desired thickness is 
achieved, the shutter is closed and the effusion cell is slowly cooled down to the room 
temperature at the rate of 0.3 °C/s. 
 
2.2.3.2. E-beam evaporation 
 Aluminum is deposited from an E-beam evaporator (Mantis Deposition, Quad-
EV-C). Since Al wets the normal crucible, an alumina crucible with PBN liner should be 
used to contain Al shots (ESPI Metals, 99.9995%). Similar to Au evaporation, the 
deposition amount is monitored by QCM, but the flux monitor installed in the evaporator 
also provides the information of deposition amount. By adjusting the current flowing 
through the filament and the crucible, approximately 1 nm thick Al film is deposited in 2 
minutes at the flux of 5.0 nA.  
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2.3. Sample characterization 
 
2.3.1. Infrared (IR) spectroscopy 
 Infrared (IR) spectroscopy is employed for the detection of surface adsorbates on 
the semiconductor substrates.2 Group IV semiconductor materials such as Si or Ge are 
transparent to the infrared light, and there are two techniques generally used for the 
semiconductor surface studies. 
First, multiple internal reflection (MIR) is used by reflecting incident IR light 
multiple times in high refractive index semiconductor crystal. This enables the detailed 
analysis of surface adsorbates with enhanced sensitivity by multiple interrogation of 
substrate surface.2,3 However, due to the long optical path length, specific spectrum of IR 
is absorbed to the substrate. For Si, the absorption of spectrum up to 1500cm-1 occurs by 
multiphonon bands.4 This makes it challenging to analyze the characteristic vibrational 
modes existing in the region. Moreover, in MIR, the waves used for the detection of 
adsorbates are evanescent, which the intensity decays exponentially in vacuum.2 In this 
research, nanowires grow out from the substrate with different surface geometry. 
Therefore, the amplitude of evanescent wave becomes different between the positions of 
the nanowire sidewalls as the growth continues. In addition, since nanowires have 
differently oriented sidewalls from the original substrate, their geometry likely modify 
the evanescent wave generation.   
Therefore, transmission geometry is employed by transmitting IR light to the 
substrate only once to minimize the substrate lattice phonon absorption.5 Figure 2.9 





(a)                                                                             (b) 
Figure 2.9: Examples of infrared absorption spectra. (a) Multiple internal reflection (MIR) spectroscopy 
measured from H terminated Si(100) surface.6 (b) Transmission infrared absorption spectra measured from 
Si(111) surface terminated by H, F, OH groups.7 (a) Adapted by permission from Macmillan Publishers Ltd: 
Nat. Mater. Derycke et al,6 copyright 2003. (b) Adapted by permission from Macmillan Publishers Ltd: Nat. 
Mater. Michalak et al,7 copyright 2010. 
 
In our system, in situ transmission IR measurements of surface hydrogen 
vibrational modes are accomplished with a Bruker Vertex 70 spectrometer coupled to the 
UHV chamber system described above. IR light generated from a Globar source passes 
through a KBr beam-splitter, and exits the spectrometer as unpolarized. The beam is 
reflected by 2 flat Au-coated mirrors, and then focused by a 90° off-axis Au-coated 
parabolic mirror with the effective focal length of 10”. The focused light enters the 
chamber through a differentially-pumped KBr chamber window, and transmitted through 
a sample substrate. After transmission, the beam exists through the other KBr window at 
opposite side, and the second 90° off-axis Au-coated parabolic mirror (EFL: 10”) 
collimates the beam, then the beam is again focused by a third 90° off-axis parabolic 
mirror (EFL: 3”) onto a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) 
detector (Figure 2.10b). This provides access to the mid-IR spectral region (4000 – 600 
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cm-1).  The IR beam path is enclosed by plastic boxes and cylinders which are 
continuously purged by dry air which is filtered by a FT-IR purge gas generator (Parker 
Balston), to minimize the unwanted absorption from water (H2O) and carbon dioxide 
(CO2) in the atmospheric environment of the IR beam path. 
Real-time measurement is achieved by starting a background single scan 
acquisition while nanowires grow at desired constant temperature and pressure. Then, a 
sample scan is measured and ratioed to the background to obtain absorbance spectra. The 
number of scans varies according to the growth conditions.   
 
Figure 2.10: Photographs of IR measurement setup showing IR beam path. 
 
2.3.2. Electron microscopy 
 Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) were used to identify the structure of nanowires such as growth orientations, 
sidewall facet morphology, planar defects, etc. In TEM measurement, dark-field imaging 
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as well as bright-field is used to identify the Au atoms existing on the surface of nanowire 
sidewalls. An aberration-corrected high angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) imaging is used to confirm the bilayer stacking 
structure and identify the spacing between each planar defect.  
 In this work, a Zeiss Ultra 60 field emission SEM (FE-SEM) and a Leo 1550 FE-
SEM are used for SEM analysis. For bright/dark-field TEM analysis, FEI Tecnai F20, 
Hitachi HF-3300, and JEOL 100 CX II are used. HAADF-STEM images are obtained 
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CONTROLLING SILICON NANOWIRE GROWTH DIRECTION 
VIA SURFACE CHEMISTRY 
 
3.1. Overview† 
 This chapter describes the demonstration of in situ chemical investigation of 
vapor–liquid–solid Si nanowire growth and the important role of transient surface 
chemistry near the triple-phase line is investigated. Real-time infrared spectroscopy 
measurements coupled with postgrowth electron microscopy demonstrate that covalently 
bonded hydrogen atoms are responsible for the ⟨111⟩ to ⟨112⟩ growth orientation 
transition commonly observed during Si nanowire growth. These results provide insight 
into the root cause of well-known nanowire growth phenomenon and open a new route to 
rationally engineer the crystal structure of these nanoscale semiconductors. 
 
3.2. Introduction and background 
 Semiconductor nanowires (NWs) are promising building blocks for advanced 
energy conversion, quantum computation, and photonic devices.1-3 Similar to other 
nanomaterials, their physical properties are intimately connected to their structure, which 
must be controlled with remarkable precision. Despite gaining important insight into the 
vapor-liquid-solid (VLS) growth process in recent years,4-6 the clarification of several 
                                                 
 
 
† Reprinted with permission from Shin, N.; Filler, M.A. Nano Lett. 2012, 12, 2865-2870. Copyright 2012 
American Chemical Society. 
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fundamental questions is still required for robust ab initio structure engineering. In 
particular, the mechanism that underlies changes to NW growth direction, which is 
commonly referred to as “kinking” and was initially reported by Wagner and Doherty 
over 40 years ago,7 continues to be debated. Robust control of this process promises 
novel nanoscale superstructures8 as well as devices with previously unattainable 
function.9 The transition from <111> to <112> oriented growth commonly observed in 
the classic Si/Au semiconductor NW/catalyst system has been extensively studied both 
experimentally10-13 and theoretically.14-16 Prior experimental reports demonstrate the 
temperature and pressure dependence of this behavior, which is often ascribed to changes 
in catalyst supersaturation and/or defect plane introduction. On the other hand, early 
experimental studies7 as well as recent theoretical modeling15,16 indicate that local surface 
energy changes, caused by temperature perturbations or other means, can also drive 
kinking. 
 Except for studies of NWs with in situ transmission electron microscopy 
(TEM),17-19 much of the progress to date has been achieved through empirical tuning of 
process parameters and postgrowth characterization. Unfortunately, ex situ analyses 
preclude the detection of the short-lived or unstable chemical bonds present during, and 
responsible for key aspects of, NW growth. To our knowledge, there exists no direct 
measurement of the atomic-scale chemistry that dictates interface energetics in these 
systems. To this end, we show how in situ transmission infrared (IR) spectroscopy can 
uncover previously unknown details regarding solid-vapor interface bonding for Au-
catalyzed Si NWs. As opposed to post-growth IR characterization of HF-etched Si 
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NWs,20 the real-time measurements described here can access transient surface chemistry 
and, in doing so, reveal a common thread that underlies kink formation. 
Group IV and III-V semiconductor NW growth protocols predominantly rely upon 
hydride (e.g. Si2H6, PH3) and metalorganic (e.g. In(CH3)3) precursors to deliver atoms to 
the catalyst tip. Importantly, the substituents (e.g. –H or –CH3) delivered with each 
precursor molecule can strongly influence surface adsorption, decomposition, and 
desorption events. For example, the removal of H atoms delivered with each hydride 
species is the rate-limiting step during Si epitaxy and necessitates substrate temperatures 
at or above 500 – 550 °C to ensure that H2 desorption is sufficiently fast.21 As 1-D Si NW 
growth occurs at temperatures as much as 150 °C lower than 2-D films, non-negligible 
quantities of hydrogen should be expected near the triple-phase line (i.e. where the vapor, 
liquid, and solid meet) and, as we show here, can strongly influence multiple aspects of 
VLS growth.  
 
3.3. Experimental methods 
3.3.1. Nanowire growth 
A detailed description of our custom-built ultrahigh vacuum system and sample 
preparation procedures are described in Chapter 2. Si NWs are grown using 100% Si2H6 
(Voltaix, 99.998%) as a precursor and Au as the catalyst. A 2 nm gold film is initially 
evaporated on a vacuum-prepared (i.e. clean) Si(111) substrate from an effusion cell 
(SVT Associates). To increase the local pressure, Si2H6 is delivered to the substrate 
surface though a variable leak valve (Duniway Stockroom) coupled to a stainless steel 
direct doser (inner diameter: 6.35 mm) with the tip placed 1 cm from the center of the 
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substrate. All NWs are grown with a two-step process that includes an (1) incubation and 
(2) elongation step. During the incubation step, the temperature is maintained at 590 °C 
for 15 min with Si2H6 pressure of 1 × 10-5 Torr for all samples. NW elongation is then 
carried out at 1 × 10-4 Torr with temperatures between 415 – 550 °C for 120 min or at 1 × 
10-3 Torr with temperatures between 450 – 600 °C for 20 min. This procedure maintains 
NW areal densities and diameters at 0.98 ± 0.06 μm-2 and 151 ± 20 nm, respectively, as 
shown in Figure 3.1 and 3.2. 
 
 
Figure 3.1: Two-step “incubation” and “elongation” growth procedure. (a, c) SEM images of Si NWs 
immediately after the incubation step at 590 °C and 1 × 10-5 Torr Si2H6 for 15 min. All Si NWs undergo the 
identical incubation procedure. (b, d) SEM images of Si NWs following the subsequent elongation step at 
490 °C and 5 × 10-5 Torr Si2H6 for 120 min. The temperature and pressure of each elongation step is varied 





Figure 3.2: Two-step growth maintains Si NW density and diameter. (a) Number density of Si NWs grown 
via the two-step incubation and elongation procedure described in Figure 3.1. (b) Diameter distribution of 
Si NWs grown with the same incubation and elongation conditions as (a). In the cases shown here, the 
Si2H6 pressure during the elongation step was 1 × 10-4 Torr. 
 
H2 (AirGas, 99.9999%) can be introduced, when necessary, through a separate 
variable leak valve (Duniway Stockroom) and stainless steel directed doser (inner 
diameter: 9.53 mm) combination. The distance from the tip to the sample surface is 4 cm. 
A W filament (Ted Pella, 99.95 %) situated between the vacuum side of the H2 leak valve 
and inlet to the directed doser enable H atom generation while minimizing the delivery of 
cracked Si2H6 species to the substrate. 
 
3.3.2. IR measurements 
For the real-time measurements described here, the incident angle of the IR light 
on the substrate surface is set to 58 °. All spectra, except those acquired at 1 × 10-3 Torr 
Si2H6, consist of 4000 scans acquired at a resolution of 4 cm-1 using Blackman-Harris 
apodization. Due to the speed of NW growth at 1 × 10-3 Torr Si2H6, 1200 scans were used 
for these experiments. Baseline correction is accomplished via a standard concave 
rubberband procedure with two iterations and peak areas are determined by integrating 
over a range ± 4 cm-1 around the peak maximum. It is important to note that all IR 
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measurements during the NW growth are recorded while the sample is maintained at the 
elongation temperature as indicated in each figure. Both the background and sample 
scans occur during the elongation step, such that n(Si–H) vibrations originating from the 
substrate do not change during the NW growth. Spectra from different temperatures and 
pressures are acquired in distinct experiments, each utilizing a new substrate. For Si2H6 
and atomic H adsorption studies on planar substrates, both the temperature and pressure 
are maintained as indicated throughout the sample scan, with a clean substrate at the 
same temperature serving as the IR background. 
 
3.3.3. SEM and TEM analysis 
 A Zeiss Ultra 60 field emission SEM, FEI Tecnai F20 TEM, and JEOL 100 CX II 
TEM are used to structurally characterize the Si NWs. Samples are imaged with SEM 
without further preparation. For TEM imaging, substrates are ultrasonicated post-growth 
in methanol for 3 min followed by dispersion of the NW-containing solvent on lacey 
carbon grids (Ted Pella). 
 
3.4. Results and discussion 
We initially verify the previously reported transition from <111> to <112> 




Figure 3.3: SEM images of <111> and <112> oriented Si NWs. (a) <111> Si NWs grown at 490 °C and 1 
× 10-4 Torr Si2H6 for 120 min. Scale bar, 1 μm. (b) <112> Si NWs grown at 490 °C and 1 × 10-3 Torr Si2H6 
for 20 min. Scale bar: 1 μm. 
 
 
Figure 3.4: HRTEM images of different growth directions and sidewall orientations for Si NWs. (a, b) 
Bright-field image of a <111> Si NW grown at 490 °C and 1 × 10-4 Torr Si2H6 for 120 min. The SAED 
pattern inset shows that {112} oriented sidewalls exhibit {111} and {113} subfaceting. (c) Bright-field 
image of a <112> Si NW grown at 415 °C and 1 × 10-4 Torr Si2H6 for 120 min. The SAED pattern inset 
confirms a {111} sidewall assignment and also indicates that a twin plane is present. (d) Bright-field image 
of a <112> Si NW grown at 440 °C and 1 × 10-3 Torr Si2H6 for 20 min. A {113} sidewall assignment is 
possible via the SAED pattern inset. All images and diffraction patterns are measured along the [110] zone 
axis. Scale bars: 5 nm. 
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Figure 3.4 shows ex situ high-resolution transmission electron microscopy 
(HRTEM) images and selected area electron diffraction (SAED) patterns from 
representative <111> and <112> oriented Si NWs. Figure 3.4a shows that <111> oriented 
NWs exhibit {112} sidewalls that are sub-faceted into periodic {111} and {113} surfaces. 
The large {111} and {113} sub-facets result from modulation of the triple-phase line 
(Figure 3.4a), as previously shown,22 whereas the smaller sub-facets on the opposite side 
of the NW are likely due to Si coarsening in the presence of Au after the growth front has 
passed (Figure 3.4b).23 Figures 3.4c and 3.4d show that <112> oriented NWs are bounded 
by {111} and {113} sidewalls without sub-faceting. Similar to prior reports,13 twinning 
boundaries are sometimes (Figure 3.4c), but not always (Figure 3.4d), observed in our 
<112> oriented NWs. 
 
 
Figure 3.5: In situ IR spectra of the n(Si–H) stretching region. (a) Time-dependent (18, 65, and 95 min) IR 
spectra measured during Si NW growth at 1 × 10-4 Torr Si2H6 and temperatures as indicated. (b) Time-
dependent (8, 18, 23 min) IR spectra measured during growth at 1 × 10-3 Torr Si2H6 and temperatures as 
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indicated. (c) IR spectra measured during 1 × 10-4 Torr Si2H6 exposure to planar, vacuum-prepared Si(111) 
(blue) and Si(113) (red) substrates maintained at the indicated temperatures. 
 
Time– and temperature dependent IR spectra recorded at elongation pressures of 
1 × 10-4 and 1 × 10-3 Torr are shown in Figures 3.5a and 3.5b, respectively. Two 
characteristic absorption bands appear near 2075 and 2090 cm-1 and increase in intensity 
as the temperature of the elongation step is reduced. We attribute these features to 
monohydride ν(Si–H) stretching vibrations resulting from covalently-bonded surface 
hydrogen.24,25 It is important to note that the observed surface hydrogen must originate 
from the Si2H6 precursor itself since no carrier gas (e.g. H2) is utilized. Experimental 
design combined with a series of additional control experiments confirm that the 
observed spectral features result from hydrogen adsorbed on the NW sidewall rather than 
the Si(111) substrate. Foremost, continuous exposure of Si2H6 to an already saturated 
Si(111) substrate at relevant temperatures and pressures does not induce spectral changes 




Figure 3.6: Spectral features result from the Si NWs rather than the Si(111) substrate. (a) Time-dependent 
IR spectra of Si NWs grown with 1 × 10-4 Torr Si2H6 at 440 °C. Spectra are ratioed to a background 
recorded immediately following initiation of the elongation step. (b) Time-dependent IR spectra of an Au-
free Si(111) substrate exposed to Si2H6 at the same temperature and pressure as (a). Spectra are ratioed to a 
background recorded shortly after exposure to the precursor. These featureless spectra confirm that the 
contribution from the substrate is constant during real-time growth measurements and that the observed 
signal results from the Si NWs. 
 
 By acquiring background spectra at the temperature and pressure of the 
elongation step, we can ensure that substrate termination remains constant during NW 
growth and its spectral contribution negligible. An examination of integrated peak area as 
a function of NW length yields additional support. Figure 3.7a exhibits time dependent 
IR spectra for a series of <111> oriented NW growths and the SEM images in Figure 
3.7b show the corresponding NW lengths at the end of each experiment. Similar to Figure 
3.5, the intensity of the ν(Si–H) bands increases as a function of time. A comparison of 
the integrated peak area of the 2090 cm-1 mode with NW length, as shown in Figure 3.7c, 
reveals a strong correlation between the observed ν(Si–H) modes and NW length, which 




Figure 3.7: Correlation of n(Si–H) stretching modes to Si NW length. (a) Time-dependent IR spectra 
recorded for Si NWs grown at 1 ´ 10-4 Torr Si2H6 and 440 °C for a total of 65, 82, and 98 min. (b) Cross-
sectional SEM images showing the final length of NWs corresponding to spectra in (a). Scale bars: 500 nm. 
(c) Si NW length plotted as a function of 2090 cm-1 peak area. Peak integration is performed between 2086 
and 2094 cm-1 for all samples. 
 
A series of Si2H6 adsorption experiments on planar substrates enable the specific 
NW sidewall associated with each IR absorption band in Figure 3.5a and 3.5b to be 
identified. While several studies of Si2H6 adsorption on Si surfaces under ultrahigh 
vacuum conditions exist,26,27 the ability of surface structure and chemistry to change 
significantly at higher pressures28 motivates new experiments at conditions relevant for Si 
NW growth. As described above and previously observed by others,12,22 the sidewalls of 
<111> (Figure 3.4a and 3.4b) and <112> (Figure 3.4c and 3.4d) oriented Si NWs are 
largely comprised of {111} and {113} surfaces. Figure 3.7 shows IR spectra acquired 
during exposure of 1 × 10-4 Torr Si2H6 to vacuum-prepared (i.e. clean) Si(111) and 
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Si(113) surfaces. Adsorption on Si(113) reveals a strong ν(Si–H) mode near 2090 cm-1 
and a weaker shoulder near 2073 cm-1 for all temperatures. A small temperature-
dependent redshift, similar to Figure 3.5a and 3.5b, is also observed. The coincidence of 
the 2090 cm-1 mode on the NW with that from planar Si(113) supports its assignment to 
hydrogen present on {113} sidewall facets during NW growth. The adsorption of Si2H6 
on Si(111) reveals a more complex temperature dependence. While a peak near 2090 cm-
1 appears at 390 °C, the mode near 2073 cm-1 becomes more prevalent at 440 °C and 
490 °C. There is a strong correspondence between the 2073 cm-1 peak on the Si(111) 
substrate and that seen during NW growth. Thus, we conclude that hydrogen is also 
present on {111} sidewall facets as the NW elongates. It is important to note that the 
temperature dependence on the absorption features from Si(111) suggests that there is a 
non-negligible activation barrier to complete Si2H6 decomposition.29 Given the presence 
of mobile Au atoms on the NW sidewall, it is initially surprising that no discernible 
difference exists between the ν(Si–H) modes observed during NW growth and during 
adsorption on Au-free surfaces. However, mixed monolayers of Au/H are known to phase 
separate30 and suggest we are observing vibrations from the interior of H dominated 
phases. Although this data supports the assignment of each absorbance band, 2090 and 
2073 cm-1, to hydrogen adsorbed on a specific NW sidewall facet, {113} and {111}, 
respectively, a more detailed understanding of the atomic-level bonding configuration 





Figure 3.8: Deconvolution of hydrogen coverage and substrate temperature effects. (a) n(Si–H) stretching 
modes recorded during a saturation exposure of atomic hydrogen to a vacuum-prepared Si(111) substrate 
held at 340, 390, 440, or 490 °C for 15 min. (b) n(Si–H) stretching modes recorded during exposure of a 
vacuum-prepared Si(111) substrate to 5 ´ 10-6 , 1 ´ 10-5 , 5 ´ 10-5 , and 1 ´ 10-4 Torr H2 with the W 
filament on for 15 min with the substrate temperature maintained at 490 °C. The dotted line is a guide to 
show that the peak position is constant.  
 
 While the behavior of both ν(Si–H) bands in Figures 3.5a and 3.5b suggest that 
hydrogen coverage on the NW sidewall is inversely proportional to temperature, a series 
of control experiments are required to confirm this initial conclusion. Figure 3.8a shows a 
temperature dependent study of the dynamic equilibrium between hydrogen atom 
adsorption/desorption on vacuum-prepared planar Si(111). A continuous saturation 
exposure of hydrogen atoms across the temperature range of interest for Si NW growth 
reveals that ν(Si–H) peak position undergoes a small red-shift, but peak area does not 
change appreciably. This behavior indicates that not all of the intensity is quenched via 
high temperature processes such as adsorbate–phonon coupling.25 On the other hand, the 
pressure dependent spectra in Figure 3.8b show that peak position remains constant while 
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intensity increases at constant temperature. We can therefore conclude that the decrease 
in ν(Si–H) peak intensity during Si NW growth (Figure 3.5a and 3.5b) predominantly 
results from hydrogen desorption, likely in the form of H2, as the temperature is increased. 
We attribute the red-shift to temperature related effects that are not important to the 
conclusions of the present work. 
 
 
Figure 3.9: Correlation of Si NW growth direction and n(Si–H) peak intensity. <112> to <111> growth 
direction ratio and integrated n(Si–H) peak area per unit of Si NW length as a function of elongation step 
temperature and pressure (1 × 10-4 or 1 × 10-3 Torr Si2H6). The growth direction ratio is shown with solid 
circles, while the open triangles and circles correspond to the integrated area of the absorbance bands 
centered near 2090 and 2075 cm-1, respectively. Growth direction ratio statistics are derived from SEM 
images of NWs in 3 different 5 mm × 5 mm areas (5000× magnification). An average of 234 NWs are 
included for each temperature/pressure condition. The error bars show one standard deviation on either side 
of the mean. 
 
 Importantly, we observe a strong correlation between hydrogen coverage and the 
ratio of <112> to <111> oriented NWs. The <112>/<111> growth direction ratio and the 
integrated ν(Si–H) peak intensities per unit of NW length, a quantity proportional to 
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hydrogen coverage, are plotted as a function of substrate temperature in Figure 3.9. 
<111> oriented NWs grow when there is little or no surface hydrogen, whereas <112> 
oriented NWs begin to appear as the quantity of adsorbed hydrogen increases. While the 
correlation is stronger at 1 × 10-4 Torr, the same general trend is observed at 1 × 10-3 Torr. 
A basic understanding of adsorption and desorption phenomena explains this result. At 
low pressures and high temperatures, the rate of Si2H6 impingement and H2 desorption 
are slow and fast, respectively. Hydrogen coverage on the NW sidewall is reduced under 
these situations and a dark-field TEM image shown in Figure 3.10b indicates that Au 
readily diffuses from the catalyst tip, as previously observed.11,23,31 At higher pressures 
and lower temperatures, the coverage of hydrogen increases because the impingement 
rate of Si2H6 is fast and H2 desorption is slow. Dark-field imaging indicates that Au 
wetting of the NW sidewall is distinct in this situation (Figure 3.10d). While prior studies 
suggest that hydrogen in acting as an Au diffusion barrier,30 additional experiments are 
required to fully understand the H/Au relationship in this system. Although Lugstein et al. 
show that a <112> oriented growth yield of nearly 100 % is possible,32 our process 
window likely precludes a similar observation. More specifically, we cannot generate a 
sufficiently high hydrogen concentration because the design of our pumping system 
limits operation to pressures at or below 1 × 10-3 Torr, and NW growth becomes 




Figure 3.10: Au sidewall coverage as a function of growth direction. (a) Bright-field TEM image of a 
<111> Si NW grown with 1 × 10-4 Torr Si2H6 at 490 °C for 120 min. Scale bar: 200 nm. (b) Dark-field 
STEM image of the NW shown in (a). Au nanoparticles are observed on all sidewalls. Scale bar: 40 nm. (c) 
Bright-field TEM image of a <112> Si NW grown with 1 × 10-4 Torr Si2H6 at 415 °C for 120 min. Scale 
bar: 100 nm. (d) Dark-field STEM image of the same <112> NW as in (c). Sidewalls are only partially 
covered by Au nanoparticles. Scale bar: 50 nm. All TEM images are along the [110] zone-axis. 
 
 To definitively prove that hydrogen is responsible for these morphological 
changes, we performed a series of in situ atomic hydrogen dosing experiments during Si 
NW growth. Figures 3.11a and 3.11b show NWs grown at conditions that yield a <111> 
orientation (400 °C, 5 × 10-5 Torr Si2H6) after 60 and 150 min, respectively. Figure 3.11c 
shows a NW where molecular hydrogen (5 × 10-4 Torr H2) was added to the Si2H6 
environment (5 × 10-5 Torr Si2H6) between 60 and 150 min. No changes to growth rate or 
direction are observed in this situation. Figure 3.11d shows a NW grown at the same 
temperature, but at half of the pressure (2.5 × 10-5 Torr Si2H6) between 60 and 150 min. 
We note that the growth rate under these reduced pressure conditions is 2.7 nm/min (0.4 
Å/sec), approximately one bilayer per 7 seconds. Another control experiment confirms 
that any Si2H6 reaching the hot W filament does not influence the NW growth rate or 
direction (Figure 3.12).  
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 However, as shown in Figure 3.11e, a very different result is observed when 
atomic hydrogen, created by cracking H2 (5 × 10-4 Torr H2) on a hot W filament, is 
delivered to the sample between 60 and 150 min. A clear kink away from <111> oriented 
growth is observed upon the addition of hydrogen atoms for 88% of the NWs (Figure 
3.13). Although the growth rate in this situation is 3.3 nm/min (0.5 Å/sec), a value 
substantially lower than other reports,10,13 data in Figure 3.11d confirms that reduced 
growth rates are not solely responsible for kinking.  
 
 
Figure 3.11: Atomic hydrogen induced kinking of Si NWs. SEM images of representative Si NWs grown 
(a) for 60 min with 5 × 10-5 Torr Si2H6 at 490 °C, (b) for 150 min under the same conditions as (a), (c) for 
60 min under the same conditions as (a) followed by the addition of 5 × 10-4 Torr H2 with the W filament 
off for another 90 min (150 min total), (d) for 60 min under the same conditions as (a) followed by a 
reduction of the pressure to 2.5 × 10-4 Torr Si2H6 for another 90 min (150 min total), (e) for 60 min under 
the same conditions as (a) followed by the addition of 5 × 10-4 Torr H2, at the same Si2H6 pressure, with the 




Figure 3.12: Effect of H2 and the W filament on Si NW growth. SEM images of a Si NW grown (a) with 5 
× 10-5 Torr Si2H6 at 490 °C for 150 min (identical to Figure 3.11b), (b) for 60 min under the same 
conditions as (a) followed by the addition of 5 × 10-4 Torr H2 with the W filament off for another 90 min 
(150 min total), (c) for 60 min under the same conditions as (a) followed by turning the filament on in the 
absence of H2 for another 90 min (150 min total). These control experiments confirm that molecular H2 and 
any Si2H6 cracked at the hot W filament do not impact growth rate or direction. Scale bars: 100 nm. 
 
 
Figure 3.13: Cross-section SEM image showing H-atom induced kinking in Si NWs grown at 5 × 10-5 Torr 
Si2H6 and 5 × 10-4 Torr H2 at 490 °C with the W filament on (same as Figure 3.11e). Scale bar: 100 nm. 
 
 As shown in Figure 3.14, a longer exposure to H atoms confirms that the new 
growth direction is <112>. The rough sidewall, especially on the <111> oriented base, is 
attributed to etching by atomic hydrogen after the growth front has passed. We also 
observe single “stubs” along the sidewall of the <112> section for some NWs (Figure 
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3.14a), a phenomenon that is ascribed to the difference between H atoms derived from H2 
cracking and Si2H6 decomposition. However, these features do not appear to impact 
growth direction. These results provide striking evidence that transiently adsorbed 
hydrogen is responsible for the <111> to <112> growth direction transition in the classic 
Si/Au NW/catalyst system. Although previous reports corroborate the modulation of 
growth direction and catalyst diffusion, the in situ analysis completed here connects these 
changes to surface chemistry and provides a mechanistic justification for the first time. 
 
 
Figure 3.14: Direction of H-atom induced kinking. (a) SEM image of Si NWs grown for 60 min with 5 × 
10-5 Torr Si2H6 at 490 °C followed by the addition of 1 × 10-4 Torr H2, at the same Si2H6 pressure, with the 
W filament on for another 120 min (180 min total). Scale bar: 200 nm. (b) Bright-field TEM image of a 
representative Si NW grown with the same conditions as (a). A defect plane is visible in the <112> oriented 
segment. Scale bar: 100 nm. (c) SAED pattern of the NW in (b), measured along the [110] zone axis, 
confirming the <112> oriented growth upon the addition of H atoms. 
 
We now briefly discuss the microscopic mechanism that underlies kinking as a 
function of surface termination. In particular, we propose that covalently bonded 
hydrogen, which is prevalent in the triple-phase region under reaction conditions that 
favor <112> oriented growth, reduces the solid-vapor interface energy (gSV) and favors 
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distinct sidewall facets. The stability of these newly stabilized facets (vide infra) changes 
the force balance at the triple phase line and drives growth into a new direction (<112> 
here). Calculations of hydrogen-terminated group IV semiconductor surfaces (e.g. C, Si, 
and Ge),33 which show that the energy change upon surface covalent bond formation can 
be large, supports this explanation. Our findings also corroborate recent modeling by 
Tersoff and coworkers,16 which indicate that subtle changes to γSV are sufficient to induce 
kinking.  
We expect that the particular set of facets and kink direction is NW structure and 
chemistry (e.g. diameter, contact angle, precursor, reaction conditions, etc.) dependent. 
Closed-packed facets (e.g. {111}) are generally expected under conditions that favor 
monohydrides, while lower density facets (e.g. {100} or {110}) are likely more favorable 
when additional hydrogen is present. This behavior is supported by our data. When 
monohydrides exist on the sidewall (Figure 2), <112> oriented Si NWs with a smooth 
{111} facet are observed in the present work (Figure 3.15) and by others.12,34 Although 
further investigation is required to unravel the interconnectivity between adsorbate 
species, facet stability, and preferred crystal orientation, these results provide crucial 
insight into the atomic-level chemistry that influences Si NW growth direction and open 




Figure 3.15: <112> oriented NWs exhibit a smooth {111} sidewall facet. (a) SEM image near the tip of a 
Si NW grown with 1 × 10-4 Torr Si2H6 at 415 °C for 120 min. (b) SEM image near the kink of a Si NW 
grown with the same conditions as (a). Scale bars: 100 nm. 
 
3.5. Conclusion 
In conclusion, our results represent an important step toward answering long-
standing questions regarding kinking during Au-catalyzed Si NW growth. We 
specifically reveal the critical role of hydrogen near the triple-phase line and create new 
opportunities to control the structure and physical properties of semiconductor NWs via 
surface chemistry. The tendency of the observed chemical bonds to change following 
synthesis or upon removal from the vacuum environment necessitates the in situ 
spectroscopic measurements performed here. These findings are of general importance 
and are expected to advance the rational engineering of this (e.g. group IV) and other 
semiconductor NW systems (e.g. group III-V). 
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RATIONAL DEFECT INTRODUCTION IN SILICON NANOWIRES 
 
4.1. Overview† 
 The controlled introduction of planar defects, particularly twin boundaries and 
stacking faults, in group IV nanowires remains challenging despite the prevalence of 
these structural features in other nanowire systems (e.g. II-VI and III-V). In this chapter, 
we demonstrate how user-programmable changes to precursor pressure and growth 
temperature can rationally generate both transverse twin boundaries and angled stacking 
faults during the growth of <111> oriented Si nanowires. We leverage this new capability 
to demonstrate prototype defect superstructures. These findings yield important insight 
into the mechanism of defect generation in semiconductor nanowires and suggest new 
routes to engineer the properties of this ubiquitous semiconductor.  
 
4.2. Introduction and background 
Defect superstructures offer an unparalleled opportunity to manipulate the 
function of nanoscale semiconductors. The placement of planar defects, particularly twin 
boundaries (TBs) and stacking faults (SFs), at user-programmable locations would create 
new routes to tune optical, electrical, and/or thermophysical properties.1-3 For example, 
transverse {111} TBs and SFs – those oriented perpendicular to the nanowire axis – are 
                                                 
 
 
† Reprinted with permission from Shin, N.; Chi, M.; Howe, J. Y.; Filler, M. A. Nano Lett. 2013, 13, 1928-
1933. Copyright 2013 American Chemical Society. 
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readily formed in <111> oriented III-V nanowires synthesized via the vapor-liquid-solid 
(VLS) technique.4-6 Recent reports of twinning superlattices highlight the remarkable 
level of structural control that is already possible in this system.7-9  
Group IV and III-V nanowires exhibit a number of well documented, and 
currently unexplained, differences.10,11 Foremost, defects in Si and Ge nanowires usually 
appear as single or multiple longitudinal {111} TBs – those oriented parallel to the 
nanowire axis – in <112> nanowires.12,13 Hexagonal polytypes14 or ordered defect 
arrays15 are occasionally observed as well and assigned to various Si polytypes, but some 
controversy remains.16,17 Randomly positioned transverse TBs are also reported in Si 
nanowires synthesized with catalysts other than Au, including Al,18 Cu,19 Ga,20 In,21 or 
Au/Ag alloys.22 However, there are no reports of <111> oriented Si nanowires with 
rationally introduced defect planes. In fact, the fabrication of defects in Si nanowires 
remains sufficiently challenging that alternative approaches, including crystal structure 
transfer, have been pursued.23 The clear differences between group IV and III-V 
nanowires are particularly surprising since these material systems exhibit similar bulk 
defect formation energies. For example, the twin plane energy in bulk Si and GaAs is 22 
and 19.5 meV/bond, respectively.24 
Here, we demonstrate that TBs and SFs can be rationally positioned within Si 
nanowires by rapidly modifying growth conditions. More specifically, we simultaneously 
increase precursor partial pressure and reduce substrate temperature for a short time 
interval during <111> oriented Si nanowire growth. We correlate two types of planar 
defects with the user-applied “condition change”: (1) transverse TBs or (2) angled (19.5° 
from the <111> direction) SFs and leverage this insight to fabricate prototype defect 
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superstructures, consisting of equally spaced TBs or SFs, for the first time in the Si 
nanowire system. Our results suggest that surface chemical bonding plays an important 
role in the defect generation process.  
 
4.3. Experimental methods 
4.3.1. Sample preparation 
Si(111) wafers (El-Cat, FZ, double-side polished, 40-60 W-cm) were cut to 5 mm 
× 24 mm prior to immersion in 1M HF solution for 5 min, rinsing in deionized (DI) water, 
and loading into the sample holder. Substrate heating occurs via direct resistive heating 
and temperature is monitored by an infrared pyrometer (Mikron). Substrate outgassing 
occurs at 700 °C under vacuum for 1 hr. The sample was subsequently flashed to 1200 °C 
for 30 s prior to cooling to room temperature at a rate below 2 K/s. A thin Au (ESPI 
Metals, 99.9999%) layer was deposited via in situ thermal evaporation (SVT Associated) 
with the substrate held at room temperature.  
 
4.3.2. Nanowire growth 
Si nanowires were synthesized via a two-step process, which includes an 
incubation and elongation step, to achieve a uniform diameter distributions and 
reproducible areal densities. The incubation step begins by exposing an Au-covered Si 
substrate to Si2H6 (Voltaix, 99.998%) at a pressure of 2 × 10-4 Torr while ramping the 
substrate temperature to 590 °C for 2 min. At the start of the elongation step, the 
substrate temperature is reduced to 490 °C at a rate of 3 K/s while the Si2H6 pressure is 
maintained as 2 × 10-4 Torr. The “condition change” described in Chapter 4.4 refers to 
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the near simultaneous increase in Si2H6 pressure to 5 × 10-4 Torr and reduction of 
substrate temperature to 410 °C for 1 min prior to returning to the original elongation 
conditions. The pressure change takes 10 sec and occurs first while the substrate 
temperature is changed immediately afterward at a rate of 8 K/s. At the end of 1 min, the 
reverse process is applied. 
 
4.3.3. SEM and TEM analysis 
Structural characterization of Si nanowires was carried out using a combination of 
several instruments, including a Zeiss Ultra 60 field emission scanning electron 
microscope (SEM) as well as FEI Titan S 80-300, Hitachi HF-3300, and JEOL 100 CX II 
transmission electron microscopes (TEMs). For TEM imaging, substrates were 
ultrasonicated in methanol for 15 min to remove Si nanowires from the growth substrate 
followed by dispersion of the resulting nanowire suspension onto lacey carbon Cu grids 
(Ted Pella).  
 
4.4. Results and discussion 
 Si nanowires were grown on in situ cleaned Si(111) substrates with an evaporated 
Au catalyst and Si2H6 in an ultrahigh vacuum (UHV) chamber. A two-step procedure, 
consisting of incubation and elongation steps, maintains a constant areal density, as 




Figure 4.1: SEM images of Si nanowires synthesized via a two-step process. (a, b) Short Si “stubs” grown 
during the incubation step with a Si2H6 pressure of 2 × 10-4 Torr and a substrate temperature of 590 °C. (c, 
d) Si nanowires exhibiting one transverse {111} twin boundary (TB) after growth consisting of elongation 
at a Si2H6 pressure of 2 × 10-4 Torr and substrate temperature of 490 °C for 9 min, raising the Si2H6 
pressure to 5 × 10-4 Torr and lowering the substrate temperature to 410 °C for 1 min, and subsequently 
returning to the original conditions for an additional 9 min. Scale bars: (a) 500 nm, (b) 200 nm, (c) 500 nm, 
and (d) 200 nm. 
 
As shown in Figure 4.2a and as reported previously,25,26 Si nanowires grow in the <111> 
direction with no appreciable defects when Si2H6 pressure and the substrate temperature 
are held at 2 × 10-4 Torr and 490 °C, respectively. Additional control experiments 
indicate that the nanowire elongation rate is 37.3 nm/min under these growth conditions, 
as shown in Figure 4.3. 
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Figure 4.2: SEM and TEM images of Si nanowires containing either a transverse twin boundary (TB) or 
stacking fault (SF) near the midpoint. (a) SEM image showing a defect free Si nanowire grown by 
maintaining Si2H6 pressure at 2 × 10-4 Torr and substrate temperature at 490 °C for 38 min. (b) SEM image 
showing a Si nanowire with a clearly visible TB after growth at Si2H6 pressure of 2 × 10-4 Torr and 
substrate temperature of 490 °C for 17 min, followed by an increase of Si2H6 pressure to 5 × 10-4 Torr and 
lowering substrate temperature to 410 °C for 1 min, and then reverting to the original conditions for an 
additional 17 min. All SEM images are measured along the <110> direction to clearly show how the saw-
tooth faceting changes after the TB. Scale bars: 200 nm. Bright-field TEM images of representative Si 
nanowires containing a single (c) TB or (f) SF. Scale bars: 200 nm. (d, e) High resolution bright-field TEM 
images showing the sidewall structure near the TB. Inset: FFT confirming the existence of a TB. Scale bars: 
4 nm. (g, h) High resolution bright-field TEM images showing the sidewall structure nearby a SF. Inset: 
FFT confirming that the defect is a SF. Scale bars: 5 nm. All TEM images are measured along the [110] 
zone axis.   
 
 
Figure 4.3: SEM images showing the evolution of the TB, sidewall morphology, and contact angle as a 
function of growth time. (a) Si “stub” synthesized with the standard incubation step conditions for 2 min. (b) 
Si nanowire following an elongation step with a Si2H6 pressure of 2 × 10-4 Torr and substrate temperature 
of 490 °C for 3 min. Si nanowires synthesized with the same conditions as (b), but followed by an 
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additional (c) 1 min, (d) 2 min (d) or 4 min (e) at a Si2H6 pressure of 5 × 10-4 Torr and substrate 
temperature of 410 °C. Note the change in contact angle visible in (c). The growth rate with a Si2H6 
pressure of 2 × 10-4 Torr and substrate temperature of 490 °C is 37.3 nm/min whereas it slows to 18 
nm/min with a Si2H6 pressure of 5 × 10-4 Torr and substrate temperature of 410 °C. Scale bars: 100 nm. 
 
 The situation is dramatically different if the growth conditions are abruptly 
modulated. When the Si2H6 pressure increases from 2 × 10-4 to 5 × 10-4 Torr and the 
substrate temperature decreases from 490 to 410 °C at the midpoint of nanowire 
elongation, before being returned to the original conditions after 1 min, we observe 
transverse {111} TBs (Figure 4.2b-e) or angled (19.5° from the <111> direction) {111} 
SFs (Figure 4.2f-h). It is important to note that this partial pressure and substrate 
temperature range is chosen to minimize nanowire kinking (Figure 4.4).  
 
 
Figure 4.4: SEM images showing that kinking increases for larger pressures. (a) Nanowires grown using 
the same procedure as the nanowires shown in Figure 4.7. (b) Nanowires grown with the same procedure as 
Figure 4.7, but with a larger pressure increase (i.e. 2 × 10-4 Torr to 1 × 10-3 Torr) at each condition change. 
Scale bars: 500 nm. 
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While transmission electron microscopy (TEM) images confirm the presence of TBs and 
SFs, the characteristic sawtooth faceting27 of Si nanowires enable facile observation of 
TBs with scanning electron microscopy (SEM). Due to the three-fold symmetry of the 
nanowire cross-section and 60°, or equivalently 180°, lattice rotation that takes place at 
the TB, sawtooth faceting appears to switch sides when viewed along the <110> direction 
(Figure 4.2b).22 Nanowire growth with a Si2H6 pressure and substrate temperature 
equivalent to that during the 1 min condition change indicates that the elongation rate is 
approximately 18 nm/min (Figure 4.3) during this time. 
 High-resolution TEM (HR-TEM) images and associated Fast Fourier Transforms 
(FFTs) provide additional insight into these defects. Foremost, a classic double 
diffraction (inset, Figure 4.2e) confirms that the transverse defect is a TB. As expected, 
the narrow {112} sidewall is sawtooth faceted, consisting of alternating {111} and {113} 
planes.27 The sawtooth faceting seen on this sidewall continues until the transverse TB 
appears, after which a {111} facet emerges (Figure 4.2d). Although the broad {112} 
sidewall is comparatively flat, {111} facets appear immediately before and after the TB 
(Figure 4.2e). Importantly, and as discussed in detail below, these inward facing {111} 




Figure 4.5: High resolution bright-field TEM images along the [110] zone axis of Si nanowire sidewalls 
near multiple transverse {111} TBs. (a) Images of the broad {112} sidewalls show that inward {111} facets 
(highlighted by red lines) appear before all TBs. (b) Images of the narrow {112} sidewalls reveal that saw-
tooth facets (highlighted by black lines) are present prior to the TB, whereas a {111} facet emerges after 
the TB. Scale bars: 5 nm. 
 
SFs always initiate at the broad {112} sidewall (Figure 4.2h) and terminate at the 
opposite sawtooth faceted sidewall (Figure 4.2g). The FFT pattern (inset, Figure 4.2g) 
confirms that SFs are {111} planes and propagate in the <112> direction. The sidewalls 
near the SF sometimes, but not always, exhibit inward {111} facets similar to those near 




Figure 4.6: High resolution bright-field TEM images along the [110] zone axis of Si nanowire sidewalls 
showing SFs (a) with (highlighted by a red line) and (b, c) without clear {111} facets immediately prior to 
defect generation. Scale bars: 5 nm. 
 
 To definitively connect defect initiation with the user-defined Si2H6 pressure 
increase and substrate temperature decrease, we completed a series of experiments where 
the same condition change was applied at multiple points during nanowire growth. Figure 
4.7 shows representative nanowires that result from 4 distinct condition changes, each 
spaced by 7 min. For the reasons mentioned above, transverse TB position, sometimes 
several in a single nanowire, can be readily identified via SEM (Figure 4.7a). Importantly, 
we only observe TBs at positions that correspond to the growth condition change. 
However, we do not observe a TB in every nanowire at every condition change. 
Additional experiments with condition change intervals of 5 min – 11 min – 5 min and 9 
min – 3 min – 9 min confirm that the defects only result from changing growth conditions 
(Figure 4.8). The same changes to growth conditions also generate SFs (Figure 4.9). To 
accurately measure SF position via TEM, we increased the time intervals to 10 min – 10 
min – 10 min, 15 min – 15 min – 15 min, and 20 min – 20 min – 20 min. Although SF 
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introduction also correlates with changes to growth conditions, the insertion position 
exhibits more variability than was observed for TBs. We attribute some of the variability 
for SFs to the uncertain tilt angle on nanowires resting on a TEM grid, but also suspect 
that the defect generation mechanism plays a role (vide infra). 
 
 
Figure 4.7: Correlation between TB position and growth condition changes. (a) SEM images of 
representative Si nanowires containing TBs at different axial positions. Si nanowires were grown with a 
Si2H6 pressure of 2 × 10-4 Torr and substrate temperature of 490 °C for the first 3 min followed by a series 
of condition changes, where the Si2H6 pressure is raised to 5 × 10-4 Torr and the substrate temperature is 
reduced to 410 °C for 1 min. This experiment consisted of four sets of pressure and temperature changes, 
each spaced by 7 min, as shown in (b). TB position is designated by the Roman numerals I, II, III, and IV, 
which correspond to each of the four condition changes. Scale bars: 100 nm. (b) Substrate temperature and 
Si2H6 pressure profile during the nanowire growth. The temperature profile is data collected by an infrared 











Figure 4.8: SEM images of representative Si nanowires containing TBs at different axial positions. Si 
nanowires were grown with a Si2H6 pressure of 2 × 10-4 Torr and substrate temperature of 490 °C for the 
first 3 min followed by a series of condition changes, where the Si2H6 pressure is raised to 5 × 10-4 Torr and 
the substrate temperature is reduced to 410 °C for 1 min. The overall growth procedure was identical to that 
shown in Figure 4.7, except for the time interval between each condition change: (a) 9 min – 3 min – 9 min 




Figure 4.9: Bright-field TEM images of representative Si nanowires containing SFs at different axial 
positions. Si nanowires were grown with a Si2H6 pressure of 2 × 10-4 Torr and substrate temperature of 
490 °C for the first 3 min followed by a series of condition changes, where the Si2H6 pressure is raised to 5 
× 10-4 Torr and the substrate temperature is reduced to 410 °C for 1 min. This experiment consisted of four 
sets of pressure and temperature changes, each spaced by 10 min. SFs and TBs are sometimes observed 
simultaneous as denoted by ‘TB’ in the figure. Scale bars: 200 nm. 
 
Figures 4.10a and 4.10b summarize our data for the average TB or SF axial position 
(relative to the catalyst tip) for many Si nanowires as a function of time interval between 
condition changes (Figure 4.11). The strong correlation between inter-defect distance and 
time interval supports our assertion that defects result from the user-applied growth 
condition change. We note that the inter-defect distance for TBs and SFs is diameter 
independent in the range of 70 to 110 nm (Figure 4.11). As shown in Figure 4.10c, there 




Figure 4.10: Average position and associated standard deviation for (a) TBs and (b) SFs as a function of 
different condition change intervals, as compiled from the data shown in Figure 4.11. These statistics are 
compiled from N nanowires that each exhibit at least one defect plane. The Roman numerals correspond to 
each condition change, beginning with that closest to the substrate. (c) Of those nanowires showing at least 
one defect, the fraction of defects appearing at positions that correspond to condition change I, II, III, or IV. 
These statistics are compiled from 157 TBs and 131 SFs sources from all of their respective interval 
experiments.   
 
 
Figure 4.11: Distribution of (a) TB and (b) SF positions in Si nanowires grown with a Si2H6 pressure of 2 
× 10-4 Torr and substrate temperature of 490 °C for the first 3 min followed by a series of condition 
changes, with intervals as indicated, where the Si2H6 pressure is raised to 5 × 10-4 Torr and the substrate 
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Figure 4.12: SFs can initiate from different sidewalls within the same Si nanowire. (a-f) SF I and II initiate 
from the (112) sidewall, whereas (g-l) SF I’ and IV initiate from the (121) sidewall. A comparison of FFT 
insets (a,g) demonstrates that the nanowire has been rotated 60o around the <111> axis. Examination of the 
TEM grid confirms that all images result from the same nanowire. (b, d) Bright-field TEM images along 
the [110] zone axis showing that SF I and II both initiate at the (112) sidewall and both terminate at the 
(112) sidewall. (h, j) Bright-field TEM images along the [101] zone axis showing that SF I’ and IV both 
initiate from the (121) sidewall. SF I’ terminates in the nanowire core while SF IV terminates at the liquid-
solid interface. (c, e, i, k) High resolution bright-field TEM images of SF I, II, I’ and IV. (f, l) Schematic 
illustration of the as observed SFs. Scale bars: (a, g) 200 nm, (b, d) 50 nm, (h, j) 20 nm, and (c, e, i, k) 5 nm.
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 Our data also shows that SFs can initiate from different sidewalls in the same Si 
nanowire. Figure 4.12 displays TEM images measured along different <110> zone axes 
for a representative Si nanowire grown with the procedure used for the nanowires in 
Figure 4.7. Two SFs (labeled I and II), originating from the (112) sidewall, are evident 
when the nanowire is viewed along the [110] zone axis (Figure 4.12a-f). However, two 
different SFs (labeled I’ and IV), initiating from the (121) sidewall, appear when the 
nanowire is rotated 60° to the [101] zone axis (Figure 4g-l). Diffraction patterns (insets, 
Figure 4.12a and 4.12g) confirm the 60° rotation around the nanowire axis. These data 
indicate that SF initiation can occur at any of geometrically similar, broad {112} 
sidewalls: (112), (121), and (211). Moreover, the condition change can initiate SFs from 
different {112} sidewalls at the same axial position, as shown for SF I and I’. While SF I 
propagates across the entire nanowire, SF I’ terminates partway into the nanowire core. 
The termination of SF I’ likely occurs when these defect planes intersect, but a complete 
analysis of this phenomenon is beyond the scope of the present work. We also identify a 
range of distinct SF types: single extrinsic SF (Figure 4.13) as well as SFs comprised of 
different numbers of closely spaced twin planes (Figure 4.12e, 4.12k). Since SFs can 
begin at any of the broad {112} sidewalls, many SFs are invisible when viewing a 




Figure 4.13: Dark-field STEM image confirming the presence of an extrinsic stacking fault inside a 
representative Si nanowire. Scale bar: 2 nm. 
 
We now address the efficiency of defect introduction at each condition change, which we 
define as: 
 =  
where ND is the total number of defects, NNW is the total number of nanowires examined, 
and c is the number of condition changes. This equation is valid for situations where the 
probability of forming a defect does not depend on axial position (Figure 4.10c). 
Transverse TB introduction efficiency, hTB, is easily assessed since the sidewall 
morphology change (i.e. appearance of sawtooth facets on the opposite side of the 
nanowire when viewed along the <110> direction) is clearly visible in the SEM (Figure 
4.2b). We find a total of 114 transverse TBs (ND) in 766 nanowires (NNW) that underwent 
4 condition changes (c) with 7 min time intervals, which yields a transverse TB 
introduction efficiency of 3.7%. While transverse TB introduction efficiency is low, a 
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topic we return to below, the SF introduction efficiency, hSF, is substantially higher. A 
TEM analysis of 17 nanowires (NNW) with the same, four condition change sequence as 
the TBs counted above shows 40 SFs, which corresponds to a SF introduction efficiency 
of at least 59% (Figure 4.14). Importantly, this value is a lower bound since the 
propagation direction/orientation relative to the viewing direction for some SFs (Figure 
4.12) likely obscures their presence. While improvements are clearly possible, hTB and 
hSF are sufficiently large to identify nanowires exhibiting both TB and SF superstructures 




Figure 4.14: Bright-field TEM images showing Si nanowires from a 7 min – 7 min – 7 min time interval 
experiment that was used to determine SF introduction efficiency. (a) Low magnification image of 17 
nanowires distributed on a single lacey carbon grid. Scale bar: 2 μm. (b) Higher magnification images of 
each nanowire in (a). Angled SFs and transverse TBs are marked by red and yellow triangles, respectively. 
40 SFs (and 2 TBs) are observed from these 17 nanowires, which yields a SF introduction efficiency (hSF) 
of 59%. The TB introduction efficiency (hTB) as determined from these nanowires is 3%, which is 
consistent with the analysis of SEM images. Scale bars: 200 nm. 
 77
 
Figure 4.15: Demonstration of defect superstructures. (a) SEM image of a Si nanowire exhibiting a TB 
superstructure and (b) a bright-field TEM image along the [110] zone axis showing a Si nanowire with a SF 
superstructure. Scale bars: 200 nm. 
 
 A number of models have been developed to explain defect generation in VLS 
synthesized semiconductor nanowires. For the case of transverse {111} TBs in III-V 
nanowires, Algra et al. proposed that changes to catalyst supersaturation28 and the 
catalyst liquid-vapor interface energy,29 which modify the triple-phase line, are 
responsible for increasing the probability of defect nucleation. Dayeh et al. invoke a 
similar argument, that increases in supersaturation enhance the probability of faulted 
adatom stacking, to explain the appearance of angled {111} SFs in Si11 and GaAs30 
nanowires. We note that Dayeh and coworkers do not observe transverse {111} TBs in 
their nanowires. An analysis by Davidson et al. suggests that the low contact angle for 
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the Au-Si and Au-Ge system precludes transverse {111} TB formation in group IV 
nanowires.10  
 Our findings suggest that TB and SF formation is influenced by changes to solid-
vapor interface chemistry near the triple-phase line, which occurs upon modulation of 
growth conditions. This mechanism is motivated by our report in the previous chapter of 
surface chemistry induced “kinking” in Si nanowires where we show via real-time in situ 
infrared spectroscopy that very similar changes to growth conditions increase the quantity 
of adsorbed hydrogen atoms on the Si nanowire sidewall.25 Hydrogen atoms accumulate 
near the triple-phase line because the Si2H6 delivery rate increases and the H2 desorption 
rate decreases as the Si2H6 pressure increases and the substrate temperature decreases, 
respectively. Although infrared spectra are challenging to acquire over the course of the 1 
min condition changes applied in the present study, two pieces of indirect evidence 
provide additional support for a mechanism driven by surface chemistry. Foremost, SFs 
appear when we expose nanowires to additional hydrogen atoms (i.e. via cracking H2 at a 
tungsten filament) while holding Si2H6 pressure and substrate temperature constant 
(Figure 4.16a). Dark-field imaging also shows a reduced Au coverage on the sidewall 
immediately following transverse TBs (Figure 4.16b), an observation which is consistent 





Figure 4.16: TEM evidence of the importance of surface hydrogen. (a) Bright-field image of a nanowire 
showing a SF (denoted by the black arrow) that appears following a 1 min exposure to hydrogen atoms 
without changing Si2H6 partial pressure (1 × 10-4 Torr) or substrate temperature (465 °C). Scale bar: 200 
nm. (b) Dark-field image of a region near a transverse TB (denoted by the dotted white line) showing 
reduced Au coverage on the sidewall above the TB. Au appears as bright spots in the image. The blue 
shading in the schematic illustrates areas with reduced Au coverage. The narrow {112} sidewall after TB 
(i.e. upper right sidewall) also contains less Au when compared to the sidewalls prior to the TB (i.e. lower 
left and right sidewalls). Scale bar: 20 nm. 
 
 In the case of transverse TBs, we propose that condition change increases the 
local concentration of hydrogen atoms to a point where closed-packed {111} surfaces 
become favored. This behavior is fundamentally identical to the stabilization of distinct 
nanocrystal facets via addition of surfactant molecules.32-34 We find that the length of this 
newly formed {111} facet can vary. Since all of our TEM images show the inward {111} 
facet prior to transverse TB formation (Figure 4.5a), the 3-fold symmetry of the Si 
nanowire cross-section implies that this structural feature simultaneously emerges from 
all three broad {112} sidewalls (i.e., (112), (121), and (211)). The narrow sidewalls, 
which exhibit sawtooth faceting, do not show such facet changes before the TB (Figure 
4.5b). 
 The shape of the triple-phase line changes as the newly formed {111} facets 
elongate. This process is schematically illustrated in Figure 4.17c and is analogous to that 
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previously proposed by Algra et al. to describe periodic twinning in III-V nanowires.7 
The triple-phase line becomes increasingly triangular and the Au-Si catalyst droplet 
undergoes a concomitant deformation as the {111} facets continue to grow. As long as 
the surface hydrogen concentration is maintained (i.e. during the 1 min condition change), 
this process continues until the triple-phase line reaches a critical point and a TB forms to 
lower the line tension. After the TB, the original inward moving {111} facets begin to 
propagate outward and the previously sawtooth faceted {112} sidewalls become inward 
moving {111} facets (Figure 4.2). The triple-phase line then returns to its original shape.  
 
 
Figure 4.17: Transverse TB formation in Si nanowires. (a,b) Bright-field TEM images along the [110] 
zone axis showing a transverse TB. Scale bars: (a) 20 nm, (b) 4 nm. (c) Schematic illustration of the of the 
TB formation process. The nanowire is initially surrounded by 3 broad, flat {112} sidewalls and 3 narrow 
sidewalls that exhibit sawtooth faceting (shown in light green). {110} sidewalls also exist between each 
{112} sidewall (shown in white). Three new {111} facets (shown in red) emerge from the broad {112} 
sidewall at the onset of the each growth condition change. After the TB, the nanowire exhibits six {111} 
facets (shown in orange) that continue to propagate until {112} sidewalls remerge upon returning to the 
original growth conditions. 
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 We observe that the {111} facets eventually revert back to their original {112} 
orientation (Figure 4.17a). Interestingly, Algra et al. also report a similar observation in 
their analysis of TBs in GaP nanowires grown under constant pressure and temperature.28 
In their report, they define the so-called “inversion length” as the distance from the TB to 
the point where the nanowire cross-section inverts and show that this parameter exhibits a 
linear dependence on diameter. Conversely, we observe an inversion length that is 
constant over the range of nanowire diameters studied here (Figure 4.18). We attribute 
this behavior to the fixed condition change time (i.e. 1 min) used in the present 
experiments, after which the Si2H6 pressure and substrate temperature revert to their 
original conditions (i.e. 2 × 10-4 Torr and 490 °C), and the {112} sidewalls reappear. The 
differences between the present work and Algra et al. provide evidence that the growth 
environment, rather than nanowire morphology (i.e. diameter) or crystal structure, is 
responsible for {111} facet formation and TB nucleation in the Si nanowire system. 
Furthermore, the transition from three to six {111} facets only at the TB suggest that 
there is a non-negligible barrier to {111} facet formation, but a complete understanding 




Figure 4.18: Distance from the transverse {111} TB to the point where the sidewall facets revert to {112} 
as a function of nanowire diameter. This distance, also known as the “inversion length,” is 15.5 ± 1.5 nm 
and is independent of nanowire diameter.  
 
 The need for three {111} facets to simultaneously emerge from the broad {112} 
sidewalls prior to transverse TB appearance may explain why hTB is low for Au-
catalyzed Si nanowires. In particular, the sawtooth facets appearing on the narrow {112} 
sidewalls, which are a hallmark of this system, are not necessarily in phase.27 This 
behavior leads to local differences in triple phase line shape and contact angle that likely 
prevents, or at least delays, {111} facet formation at one or more of the broad {112} 
sidewalls. When this occurs, transverse TBs are unlikely to form. In addition, sawtooth 
faceting also exhibits diameter-dependent periods27 such that the triple-phase line shape 
and contact angle varies between nanowires, even at the same time point, in arrays 
synthesized from dewetted Au thin films. This effect is also expected to reduce the 
probability of transverse TB introduction. We anticipate that catalysts or precursors that 
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yield a more consistent triple-phase line shape and contact angle will improve the 
probability of TB introduction upon each condition change.  
 The mechanism of SF formation is less clear. We observe that SFs, with a 
diversity of types (Figure 4.12) and sidewall morphologies (Figure 4.6), emerge as a 
result of the user-applied condition change. Importantly, the SF initiation point is more 
variable than for TBs (Figure 4.10) and indicates that the local conditions necessary for 
their formation are more easily achieved. While prior reports propose that changes to 
catalyst supersaturation are responsible for fault introduction,11,15 our hydrogen atom 
exposure experiments (Figure 4.16a) indicate that surface chemistry also plays a role. 
Recent work indicates that changes to diameter may initiate defects as well.35 
Experiments to further elucidate the physical phenomena underlying SF generation are 
currently underway in our laboratory. 
 
4.5. Conclusion 
 In conclusion, we demonstrate that user-defined changes to growth conditions 
permit the introduction of planar defects in Si nanowires. Transverse TBs, which are 
rarely observed during Au-catalyzed Si nanowire growth, and SFs were rationally 
generated for the first time. Our data suggests that surface chemistry plays a role in the 
defect generation process. We determine a lower bound on the overall defect introduction 
efficiency between 60 and 65% and expect that judicious choice of catalysts and 
precursor species will improve this value. Rational selection of defect type (i.e. TB or SF), 
which still remains challenging in III-V nanowires, is not yet possible for Si nanowires 
and will require additional insight into defect introduction mechanism. We expect that 
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these results will open new routes to engineer defect superstructure and materials 
properties in Si nanowires specifically, and all semiconductor nanowires in general. 
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SIDEWALL MORPHOLOGY-DEPENDENT FORMATION OF 
MULTIPLE TWINS IN SI NANOWIRES 
 
5.1. Overview† 
 Precise placement of twin boundaries and stacking faults promises new 
opportunities to fundamentally manipulate the optical, electrical, and thermal properties 
of semiconductor nanowires. In this chapter, we report on the appearance of consecutive 
twin boundaries in Si nanowires and show that sidewall morphology governs their 
spacing. Detailed electron microscopy analysis reveals that thin {111} sidewall facets, 
which elongate following the first twin boundary (TB1), are responsible for deforming the 
triple-phase line and favoring the formation of the second twin boundary (TB2). While 
multiple, geometrically correlated defect planes are known in group III-V nanowires, 
there are no prior reports of this behavior in group IV materials.  
 
5.2. Introduction 
 The manipulation of semiconductor nanowire properties is possible via control of 
crystal phase,1 growth orientation,2 and sidewall faceting,3 among others.4,5 Engineering 
of the bilayer stacking sequence is particularly intriguing, assuming a sufficient level of 
precision is ultimately achievable, as it offers direct access to a material’s optoelectronic 
                                                 
 
 
† Reprinted with permission from Shin, N.; Chi, M.; Filler, M. A. ACS Nano 2013, 7, 8206-8213. Copyright 
2013 American Chemical Society. 
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and phononic behavior.6-8 To this end, twin boundaries (TBs) and stacking faults (SFs) 
have been extensively studied in group III-V nanowires synthesized via the vapor-liquid-
solid (VLS) method.9-11 Careful selection of process conditions and/or dopants now 
enables periodic sequences of TBs known as twinning superlattices.12,13  
The frequency and morphology of defects in group IV nanowires, particularly Si, 
exhibit a number of well-known differences relative to their III-V counterparts. 
Longitudinal defects – those oriented parallel to the nanowire growth direction – are 
common in <112> oriented Si nanowires catalyzed by Au.14-16 Catalysts other than Au 
(e.g. Cu, Ga, Au/Ag) are also known to randomly generate transverse TBs – those 
oriented perpendicular to the nanowire growth direction – in <111> oriented Si 
nanowires.17-19 In Chapter 4, we showed that the rapid modulation of precursor pressure 
and substrate temperature can rationally introduce transverse TBs in Au-catalyzed Si 
nanowires.20 
Here, we show that two transverse TBs, which exhibit a sidewall morphology-
dependent spacing, are possible in <111> oriented Si nanowires. We find that the first TB 
appears upon raising the Si2H6 pressure and reducing the substrate temperature. When 
maintaining these new conditions for an extended period of time, a second TB sometimes 
appears at a geometry-dependent distance from the first. A detailed investigation of 
nanowire morphology reveals that the second TB is coincident with the appearance of 
thin {111} facets that propagate across the nanowire’s {110} sidewall. Algra et al. 
reported on the presence of similar “twin pairs” in III-V nanowires,21 but the situation in 
Si nanowires exhibits a number of important differences. 
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5.3. Experimental methods 
Si nanowires were prepared in an UHV chamber with a base pressure of 3 × 10-10 
Torr. Nanowire growth begins with an incubation step, where a flash-annealed Si (111) 
substrate covered with a 2 nm Au film is ramped to 590 °C and exposed to 2 × 10-4 Torr 
Si2H6 (Voltaix, 99.998%) for 2 min. The substrate temperature is subsequently lowered to 
490 °C at a rate of 3 °C/s while maintaining a constant Si2H6 pressure. After 10 min of 
elongation at 490 °C and 2 × 10-4 Torr Si2H6, the the Si2H6 pressure is increased to 5 × 
10-4 Torr and substrate temperature decreased to 410 °C at a rate of 8 °C/s. The growth is 
continued at these conditions for another 10 min. Nanowire sidewall morphologies are 
analyzed via a Zeiss Ultra 60 field emission scanning electron microscope (SEM). High 
resolution bright-field transmission electron microscopy (TEM) and aberration-corrected 
high angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images are obtained with a FEI Titan S 80-300 microscope. Samples for TEM 
analysis are prepared via substrate ultrasonication in isopropyl alcohol (Sigma Aldrich) 
for 15 min and subsequent dispersion of the resulting nanowire suspension onto lacey 
carbon grids (Ted Pella). 
 
5.4. Results and discussion 
 Figure 5.1a shows representative scanning electron microscopy (SEM) images of 
<111> oriented Si nanowires containing double TBs, which appear upon increasing the 
Si2H6 pressure from 2 × 10-4 to 5 × 10-4 Torr and lowering the substrate temperature from 
490 to 410 °C. The new process conditions are applied after 10 min of initial elongation 
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and maintained for another 10 min. While nanowire diameter ranges from 70 to 130 nm, 
the growth rate is diameter independent.22  
 
 
Figure 5.1: (a) Side view SEM images of representative Si nanowires with a range of diameters measured 
along the <110> direction that show changes to sidewall morphology near double TBs. A schematic 
projection of a nanowire containing double TBs onto the (110) plane is included for comparison purposes. Lis indicated by red lines and defined as the distance between the first (TB1) and second (TB2) TB. 
The distance between TB1 and the catalyst-nanowire interface is defined as L  and indicated with 
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orange lines. Scale bar: 100 nm. (b) The values of L  and L , as determined from SEM images 
of 26 nanowires containing double TBs, plotted as a function of nanowire diameter. 
 
As the nanowires are imaged along the <110> direction, the characteristic sawtooth 
faceting of the {112} sidewalls23 is visible on the left side of each nanowire and provides 
an initial indication of the first TB’s position (denoted TB1). We note that the axial 
position of TB1 is similar for all nanowires and independent of diameter, which indicates 
that it formed upon changing process conditions.20 While maintaining the conditions at 5 
× 10-4 Torr and 410 °C, a second TB (denoted TB2) can also appear at some axial 
distance after TB1. We identified 161 and 26 nanowires containing single (i.e. TB1 only) 
and double TBs (i.e. TB1 and TB2), respectively, from a total of 1055 examined 
nanowires. Thus, the probability of TB2 appearing after TB1 is 13.9%. While this 
probability is clearly low, and not yet appropriate for defect superstructure engineering, 
the geometric relationship described herein provides important insight into the defect 
introduction mechanism in Si nanowires. 
 The distance between TB1 and the liquid-solid (i.e. catalyst-nanowire) interface, 
defined as L  and shown as orange lines in Figure 5.1a, is plotted as a function of 
nanowire diameter in Figure 5.1b. Since TB1 forms upon raising Si2H6 pressure and 
lowering substrate temperature,20 L  represents the portion of the nanowire grown 
after the condition change and, as is evident from the plot, the growth rate (~22 nm/min) 
remains largely diameter-independent over this length. We also define 	L , 
indicated by the red lines in Figure 5.1a, as the distance between TB1 and TB2. Figure 
5.1b shows L  plotted as a function nanowire diameter and reveals a clear 
diameter-dependence. TB2 nucleates earlier in nanowires with small diameters and later 
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in nanowires with large diameters. Since the process conditions are fixed following TB1, 
the observed diameter-dependence of TB2 position suggests that it forms due to a 
geometric effect. We return to this point below. 
 High-resolution transmission electron microscopy (HRTEM) images, measured 
along the <110> zone axis of a representative Si nanowire with a double TB are 




Figure 5.2: Representative TEM images of the region near double TBs in Si nanowires measured along the 
[110] zone axis. (a) Low-magnification bright-field image showing the overall structure of a double TB. 
Scale bar: 20 nm. High resolution bright-field images of the region inside the colored boxes in (a) and 
corresponding to the left and right side of (b, d) TB2 and (e, g) TB1. Scale bars: 10 nm. (c, f) Aberration-
corrected HAADF-STEM images of (c) TB2 and (f) TB1 measured in the regions denoted by the dotted 
white boxes in (a). Scale bars: 2 nm.   
 
Figure 5.2a shows the change of overall sidewall morphology for both TBs. 
Corresponding Fast Fourier Transforms (FFTs) confirm that the crystal structure rotates 
by 180° about the <111> axis at each TB (Figure 5.3). The evolution of catalyst contact 
angle near each TB is also consistent with double TB formation (Figure 5.4). The 
aberration-corrected high angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) images shown in Figure 5.2c and 5.2f verify that TB1 and 
TB2 are composed of single twin planes, unlike the defect arrays frequently observed in 
<112> oriented Si nanowires.24-26  
  
 
Figure 5.3: Bright-field TEM image of the Si nanowire shown in Figure 5.2 with Fast Fourier Transforms 
(FFTs) of the regions denoted by white dotted boxes, which confirm that the lattice rotates by 180 ° after 




Figure 5.4: Side view SEM images of representative Si nanowires measured along the <110> direction 
showing the evolution of catalyst contact angle during double TB formation. The contact angles at the left 
and right side of the nanowire are labeled as b1 and b2, respectively. These images were acquired by 
terminating growth (a) after 10 min (i.e. before TB1) as well as (b) 1 min, (c) 2 min, (d) 4 min, (e) 5 min, 
and (f) 10 min after the increase in Si2H6 pressure and decrease of substrate temperature (i.e. after TB1). 
Scale bar: 100 nm.  
  
 Figures 5.2b, 5.2d, 5.2e, and 5.2g reveal the detailed sidewall morphology before 
and after each TB. Immediately prior to TB1 and consistent with our previous report, 
inward moving {111} facets emerge from the broad {112} sidewall (Figure 5.2g), but the 
narrow, sawtooth faceted {112} facet on the opposite sidewall is not significantly 
impacted (Figure 5.2e). After TB1, six {111} sidewalls emerge from the original {112} 
sidewalls.20 Conversely, and importantly, TB2 forms without the formation of inward 
moving {111} facets on the broad {112} sidewall (Figure 5.2b). As the process 
conditions remained constant since the formation of TB1, this result implies that the 
mechanism underlying TB2 formation is distinct from that for TB1. However, and 
similarly to TB1, six {111} facets appear immediately after TB2. We also note that the six 
{111} facets appearing following TB1 and TB2 eventually revert to {112} facets (Figure 
5.2a). Although {110} facets cannot be identified when the nanowire is viewed along this 
zone axis, they are present on the nanowire sidewall before and after each TB (vide infra). 
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 A careful analysis of SEM images taken along the <112> and <110> directions 
for representative nanowires containing single and double TBs, as shown in Figure 5.5, 
provides additional information regarding the evolution of the sidewall morphology in 
the vicinity of TB1 and TB2. Due to the complexity of the sidewall morphology, 
illustrations that schematically show each facet are also included with each SEM image. 
{112}, {111}, and {110} facets are colored in green, red, and white, respectively.  
 
 
Figure 5.5: Side view SEM images and schematic illustrations of the sidewall morphology for 
representative single and double TBs in Si nanowires. (a) Double and (b) single TBs viewed along the 
<112> direction. (c) Double and (d) single TBs viewed along the <110> direction. In each SEM image, the 
location of TBs as well as key {112}, {111}, and {110} facets are denoted by the white, green, red, and 
black dotted lines, respectively. In the schematics, {112}, {111} and {110} facets are labeled as such and 
shaded in green, red, and white, respectively. The thin {111} facets present for double TBs are shown as 
yellow dashed lines. Scale bars: 100 nm. 
 
  
 While all nanowires exhibit six {112} sidewalls separated by {110} facets prior to 
TB1, as is well documented for Si nanowires under similar growth conditions,27,28 we 
subsequently observe important morphological differences for single and double TBs. 
When viewing nanowires containing single and double TBs along the <112> direction 
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(Figure 5.5a and 5.5b), the left and right sidewalls appear perpendicular to the <111> 
growth direction, which indicates that these are {110} facets. Upon rotating the nanowire 
to the <110> viewing direction (Figure 5.5c and 5.5d), it can be seen that these {110} 
planes, which appear dark as a result of reduced Au wetting,28 propagate at an angle 
across the nanowire sidewall. SEM images measured at a range of angles relative to the 
substrate normal indicate that these {110} sidewalls are nearly in the same plane before 
and after TB1 and TB2 (Figure 5.6). When viewing both types of nanowire along the 
<110> direction (Figure 5.5c and 5.5d), and via comparison with the TEM images in 
Figure 5.2, large {111} facets that separate the {110} facets are identifiable after each TB. 
 
 
Figure 5.6: SEM images of a representative Si nanowire containing a double TB measured at a range of 
angles above the substrate: 50°, 60°, 70°, and 80°, where a (a) {110} sidewall is outlined in white and (b) 
two thin {111} facets are denoted by red dashed lines. Scale bars: 100 nm. 
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 The sidewalls of nanowires that contain single and double TBs exhibit a number 
of key differences above TB1. In the case of single TBs, the {111} facets revert to {112} 
orientation at some distance beyond TB1 and the sidewall morphology matches that prior 
to changing process conditions, albeit rotated by 180° (Figure 5.5d). For double TBs, 
very thin, diagonally oriented facets, which are identified by the bright lines observed in 
the SEM image and represented by dashed yellow lines in the Figure 5.5a and 5.5c 
schematics, are visible before TB2. These facets are assigned to {111} since they extend 
from the edge between {110} and {111} facets and continue even though the majority of 
the {111} facets reverts to {112}. Angle-dependent SEM images provide another view of 
these facets (Figure 5.6). Pairs of these thin {111} facets propagate toward each other 
across {110} facets until they intersect the {110}/{112} edge near TB2. While the same, 
thin {111} facets initially appear for some nanowires containing single TBs, they 
terminate much earlier (Figure 5.5b and 5.5d). Double TBs can also exhibit thin {111} 
facets after TB2 that disappear in the same manner as those for nanowires with a single 
TB.  
 We propose a mechanism, as illustrated in Figure 5.7, for double TB formation 
based on the above described changes in sidewall morphology. As we reported 
previously,20 TB1 formation appears due to the increase in Si2H6 pressure and decrease in 
substrate temperature. The triple-phase line (i.e. where the vapor, liquid, and solid meet) 
becomes increasing triangular due to the three new, inward propagating {111} facets and 
TB1 eventually nucleates to reduce the line tension (Figure 5.7a). The sidewall 
morphology continues to evolve under the new Si2H6 pressure and substrate temperature 
after TB1. Of the six {111} facets that appear immediately following TB1, the width of all 
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inward moving {111} facets – (111),	(111), and (111) – increases, while the width of 
the outward moving {111} facets – (111),	(111), and (111) – decreases. {110} facets, 
which are also present and separate the {111} planes, maintain their width as the 
nanowire elongates. For most of the nanowires in our study, the entire {111} facet reverts 
to {112} at some distance beyond TB1 and no second TB (i.e. TB2) is observed.  
 
 
Figure 5.7: Schematic illustrations of (a) single and (b) double TB formation during Si nanowire 
elongation. In all illustrations, {112}, {111} and {110} facets are labeled as such and shaded in green, red, 
and white, respectively. Red arrows indicate the direction of facet propagation. In the case of single TBs, 
deformation of the triple-phase line occurs following the formation of inward moving {111} facets after the 
increase of Si2H6 pressure and decrease of substrate temperature. After TB1, {111} facets continue until the 
{112} sidewalls remerge. In the case of double TBs, thin {111} facets, highlighted by red arrows, survive 
after the {112} sidewalls reappear and propagate diagonally across the {110} facet. {111} facet 
propagation beyond the opposite {110}/{112} edge is highly unfavorable and TB2 nucleates to reduce the 
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triple-phase line tension. Thin {111} facets, shown as short dotted red lines in (a), occasionally appear 
following the reappearance of {112} sidewalls for the case of single TBs, but disappear before reaching the 
opposite {110}/{112} edge. 
 
However, nanowires with two TBs exhibit thin {111} facets, which continue to propagate 
across the {110} facet even after the reversion to {112} (Figure 5.7b). These thin {111} 
facets eventually reach the {110}/{112} edge at the opposite side of the {110} facet. 
Beyond this point, the facets cannot extend without protruding from the nanowire 
sidewall and TB nucleation becomes favored over further deformation of the triple-phase 
line. Notably, the {112} sidewall does not undergo any obvious changes during this 
process (Figure 5.2b), which indicates that the thin {111} facets are largely responsible 
for deforming the triple-phase line and generating TB2. 
 The above mechanism implies that the continued presence of thin {111} facets 
may enable some nanowires to contain three or more TBs. While we found a handful of 
nanowires with triple TBs, no nanowires with four or more TBs were observed (Figure 
5.8). Nonetheless, nanowires exhibiting triple TBs contained thin {111} facets after TB1 
and TB2, a finding that further supports the proposed mechanism. We expect that process 
conditions where six {111} facets appear after each TB, but do not revert to {112}, will 
lead to a more dramatic deformation of the triple-phase line, generation of more closely 




Figure 5.8: Side view SEM images of Si nanowires containing triple TBs. Scale bar: 100 nm. 
 
 Additional evidence that the thin {111} facets underlie TB2 nucleation comes 
from a correlation of {110} facet width with the distance between TB1 and TB2 
(L). More specifically, the thin {111} facets must propagate across the {110} 
facet before deforming the triple-phase line to the point where TB2 forms and, as such, 




Figure 5.9: Correlation of TB spacing with sidewall morphology. (a) Side view SEM image of a 
representative Si nanowire containing a double TB. The {112}, {111}, and {110} facets are delineated by 
green, red, and white dashed lines, respectively. The thin {111} facets, which propagate across the {110} 
facet, are shown as dashed yellow lines and the point where they intersect the opposite {110}/{112} edge is 
circled in yellow. The axial distance between TB1 and the point where the {112} sidewalls reemerge is 
defined as l1, while l2 is the axial distance between the point where the {112} sidewalls reappear and TB2. 
Scale bar: 50 nm. (b) l1 and l2 measured from SEM images of the same 26 nanowires used in Figure 5.1b 
plotted as function of nanowire diameter. 
 
Two important length scales, specifically l1 and l2, are identified in Figure 5.9a and sum 
to give	L . l1 is the axial length between TB1 and the point where the majority of 
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{111} sidewall reverts to {112}. As illustrated in Figure 5.7, six {111} and six {110} 
sidewalls bound the nanowire over this length. l2 is the axial distance from the point 
where the {112} sidewalls reappear to TB2. Over this length, the nanowires containing 
double TBs are bounded by six {112} and six {110} surfaces, as well as the thin {111} 
facets. Figure 5.9b shows the relationship between l1 and l2, as measured from high 
resolution SEM images, and nanowire diameter. These data clearly show that l1 and l2 are 
linearly related to diameter, with the l2 dependence being stronger. Since L  is 
simply the sum of l1 and l2, the linear dependence of L  with nanowire diameter 
(Figure 5.1b) arises primarily from changes in l2. 
 A projection of the nanowire onto the (110) plane in the region between TB1 and 
TB2 is schematically illustrated in Figure 5.10a, where the actual (w{110}) and apparent 
(w{110}’ and w{111}’) facet widths are labeled. While w{110} can be directly measured when 
viewing the nanowire along the <110> direction, w{111} must be indirectly determined. 
Thus, we measure w{111}’ and then convert this value to w{111} by knowing the angle 
between {110} and {111} facets is 30°:  { } = { } (° ) =	 √{ }′                                        (5.1) 
Based on high-resolution SEM images and the above relationship, the values of w{110} 
and w{111} were extracted (Figure 5.11). While both w{110} and w{111} are linearly 





Figure 5.10: (a) Schematic illustration showing the projection of a Si nanowire containing a double TB 
onto the (110) plane. w{111} and w{111}’ are defined as the actual and apparent widths, respectively, of the 
large {111} facets. w{110} and w{110}’ are defined as the actual and apparent widths, respectively, of the {110} 
facets. (b) l1 and l2 plotted as a function of w{111} and w{110}, respectively. Data points are experimentally 
derived from measurements of SEM images. Solid lines are plots of the equations relating l1/l2 and 
w{111}/w{110}, specifically l1 = 0.82w{111} and l2 = 1.41w{110}, as derived from the nanowire structure shown 




Figure 5.11: Facet width, l{111} and l{110}, plotted as a function of nanowire diameter. Data points are 
derived from SEM images of the same 26 nanowires used in Figure 5.1b.  
 
 The values of l1 and l2 are now plotted as a function of w{111} and w{110}, 
respectively, in Figure 5.10b. While the data points are extracted from experiment, it is 
important to note that the lines are not fits to these data and we discuss their origin below. 
We see that l2 depends linearly on w{110}, and because the value of l2 is largely 
responsible for the change of L , we then know that w{110} also correlates with L . In other words, as {110} facet width increases, so too does the distance 
between TB1 and TB2. This finding is consistent with the proposed mechanism, whereby 
thin {111} facets propagate across the {110} plane and, in doing so, deform the triple 
phase line. As the {110} facet width increases (i.e. for larger diameter nanowires), the 
distance that these thin {111} facets must travel before reaching the opposite {112}/{110} 
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edge also increases. This additional length requires that the nanowire elongate further 
before TB2 nucleates. 
 We now compare our proposed model of nanowire sidewall evolution (i.e. Figure 
5.7) and final morphology (i.e. Figure 5.5 and 5.10a) with parameters extracted from 
experiment (i.e. l1, l2, w{111}, and w{110}). This comparison serves to further validate the 
structure derived from our electron microscopy measurements and is particularly valuable 
due to the complexity seen here. If the 6 {111} facets present over the length l1 comprise 
the surfaces of an ideal octahedron,10 the relationship between w{111} and l1 would be  = {} × tan(60°) × sin(70.5°) = 0.82{ }                         (5.2) 
 We can determine the relationship between w{110} and l2 similarly. If the {110} 
facet width is constant as the nanowire cross-section evolves over the length l1, as 
indicated by our data (Figure 5.5c and 5.9a), the projection of the nanowire in the (110) 
plane (Figure 5.10a) allows us to relate l2 and w{110}’ (i.e. the apparent width of the {110} 
facet) as follows:   = { } × tan(70.5°)	                                            (5.3) 
The value of w{110}’ can be related to w{110} (i.e. the actual width of the {110} facet) since 
all {110} sidewall are oriented 60° relative to each other: { } = { } × cos(60°) = 	{ }                                 (5.4) 
By combining equations (5.3) and (5.4), we find that  = { } × tan(70.5°) = 	{}×  (.°) = 1.41{ }              (5.5) 
Equations (5.2) and (5.5) indicate that l1 and l2 are directly proportional to the width of 
{111} and {110} facets, respectively. Inclusion of the lines described by these equations 
(Figure 5.10b), which are based on the structural model alone (Figure 5.10a), shows 
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excellent agreement with our experimental measurements. The clear correspondence 
strongly supports the validity of the proposed sidewall structure and double TB formation 
mechanism. We note that the values measured for l1 are less than predicted by the 
structural model, and we suspect that this stems from our assumption that the nanowire is 
an ideal octahedron over the length l1. In reality, our images indicate that the octahedron 
is slightly truncated (Figure 5.9a), a result that would overestimate the value of l1. 
 
5.5. Conclusion 
 We demonstrate that multiple transverse TBs are possible in <111> oriented Si 
nanowires and that sidewall morphology controls their spacing. While the first TB (TB1) 
is driven by inward moving {111} facets that form following an abrupt increase in Si2H6 
pressure and decrease of substrate temperature, another TB (TB2) results from a different 
set of thin {111} facets that traverse the {110} sidewall. Both mechanisms, while distinct 
in their details, deform the triple-phase line and eventually favor TB nucleation. Detailed 
measurements of the sidewall show that {110} facet width governs TB2 position and 
support the proposed model of nanowire morphology. It remains to be determined why 
the efficiency of TB1 and TB2 introduction is low. We recently suggested that local 
differences in triple-phase line shape, as a result of asynchronous sawtooth faceting, 
reduce the probability of TB1 formation.20 In terms of TB2, the observed revision of {111} 
facets to {112} suggests that the energetics of these two surfaces are similar under our 
growth conditions. As such, we anticipate that the further stabilization of {111} facets 
(i.e. relative to {112}), possibly via surface functionalization or modification of catalyst 
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droplet composition, will enable the fabrication of periodic defect superstructures similar 
to those seen in III-V nanowires.  
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THE INTERPLAY BETWEEN SURFACE HYDROGEN AND 




 Despite recent demonstrations of kinking superstructures in semiconductor 
nanowires, it remains difficult to achieve the fidelity needed for robustly manipulating 
electronic, optical, thermal, and mechanical behavior. Here, we combine real-time in situ 
infrared spectroscopy with high-resolution electron microscopy to show the critical role 
of surface hydrogen and twin boundary (TB) propagation during the <111>/<112> 
kinking of Si nanowires. We also identify the mechanism by which high fidelity 
superstructures are possible. In particular, the presence of a continuous TB at <112> → 
<112> kinks, and the pinning of the nucleation site that likely accompanies it, reduces the 
number of degenerate directions available to the nanowire. Our findings provide 
important insight into the vapor-liquid-solid technique and identify new possibilities for 
systematically controlling nanowire kinking. 
 
6.2. Introduction 
 Semiconductor nanowires containing kinking superstructures – multiple, user-
programmable changes to growth orientation – offer tantalizing opportunities to create 
new electronic devices,1-3 manipulate thermal conductivity,4 and explore mechanical 
behavior.5 While the synthesis of such structures is possible via shape-guided lateral 
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growth6 or metal-assisted chemical etching,7 the vapor-liquid-solid (VLS) technique 
holds particular promise.8, 9 For example, VLS allows for the integration of additional 
functionality via selective doping10 and/or heterostructure formation. The point where a 
nanowire changes its growth orientation – the “kink” – is the most basic building block of 
any kinking superstructure. For example, a <111> to <112> kink is frequently observed 
for Si nanowires11-15 and induced by low temperature,11 high pressure,14, 15 and/or the 
addition of hydrogen on the sidewall.13 Kinking superstructures, composed of different, 
yet degenerate, <112> segments, are also attainable by briefly decreasing pressure.1, 8 
Despite this recent demonstration, however, similar, high fidelity superstructures have yet 
to be reported for other growth orientations or nanowire systems (e.g., Ge, III-V).9, 16 
Most often, it is not possible to select a specific crystal orientation (e.g., [110]) out of 
many possible degenerate options (e.g., [101], [011], etc.).9 
Planar defects, in the form of twin boundaries (TB)17-19 and/or polytypes,20, 21 are 
often seen in conjunction with kinks. Several mechanisms have been proposed to explain 
defect introduction when Si nanowires kink to the <112> direction, including changes to 
supersaturation,18, 22, 23 sidewall hydrogen coverage,13 or catalyst volume.24 It is also 
unclear why these defects remain during <112> oriented growth and how they behave at 
subsequent growth direction changes. Although previously demonstrated Si nanowire 
kinking superstructures consist of <112> segments,1, 8 the presence of planar defects, and 
their potential influence on the synthesis, is unknown.  
A detailed understanding of the interplay between surface termination, defect 
propagation, and kinking would constitute an important step toward the ab initio 
synthesis of distinct types of high fidelity kinking superstructures. Here, we extend our 
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previous work,13 which showed that covalently bonded hydrogen on the surface of Si 
nanowires is essential for <112> oriented growth. When surface hydrogen is removed, 
despite the favorability of nucleation at the TB,18 we find that the nanowire returns to 
<111> oriented growth and the defect terminates at the sidewall. We also confirm that 
<112> → <112> kinking, the process underlying previously demonstrated kinking 
superstructures,8 is assisted by the presence of a TB that is continuous in all segments. 
Our data indicate that the TB, and the pinning of the nucleation site that accompanies it, 
enhances defect superstructure fidelity by forcing the nanowire to select from two, as 
opposed to the many possible, <112> directions. 
 
6.3. Experimental methods 
6.3.1. Nanowire growth 
Si nanowires are grown on a Si (111) substrate in a custom-built ultrahigh 
vacuum (UHV) chamber described previously.13 Samples are cut to 5 mm × 24 mm and 
pre-cleaned by immersing into 1M HF solution for 5 min to remove the native oxide. 
After deionized water rinsing for 30 seconds and drying with N2, the sample is 
immediately loaded into the chamber and heated to 600 °C for 1 hr in vacuum. The 
sample is then cleaned by flash-annealing to 1200 °C for 30 s. A 2 nm thick Au film is 
deposited after slowly cooling to near room temperature. To initiate nanowire growth, 
disilane (Voltaix, 99.998%) is initially introduced at pressure of 2 × 10-4 Torr with the 
substrate at 590 °C for 2 min. To elongate the initial <111> segment, the substrate 
temperature is subsequently lowered to 490 °C, at constant Si2H6 pressure. The pressure 
and temperatures for each subsequent segment are described in the main text.  
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6.3.2. In situ IR spectroscopy 
Surface hydrogen covalently bonded to the nanowire sidewall is measured via in 
situ infrared spectroscopy. The FTIR spectrometer (Bruker V70) is equipped with a KBr 
beamsplitter and HgCdTe detector.13 In this work, all spectra are collected with a 58° 
angle of incidence. The sample and background spectra consist of 1680 scans with a 
resolution of 4 cm-1. A new background scan is recorded when the substrate temperature 
changes during the I → II transition (vide infra). All spectra are baseline corrected with a 
standard concave rubberband procedure. 
 
6.3.3. SEM and TEM analysis 
Si nanowire kink morphology and crystal structure are analyzed via a Zeiss Ultra 
60 field emission scanning electron microscope (SEM) and a FEI Titan S80-300 
transmission electron microscope (TEM). Nanowires are removed from the growth 
substrate via ultrasonication and then drop cast onto lacey carbon grids (Ted Pella) in 
isopropanol. 
 
6.4. Results and discussion 
We first show the relationship between Si nanowire growth direction and the 
presence of adsorbed hydrogen atoms on the sidewalls. Two different growth procedures 
were used to investigate <112> → <111> (Figure 6.1a-d) and <112> → <112> (Figure 
6.1f-i) kinking. Nanowires containing both types of kink are first initiated with a <111> 
segment, oriented perpendicular to the Si(111) substrate, which simplifies the 
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identification and comparison of different growth directions. The growth conditions for 
this initial <111> segment, denoted as I for simplicity, are 2 × 10-4 Torr Si2H6 and 490 °C.  
 
 
Figure 6.1: Pressure- and temperature-dependent kinking. Side view SEM images along the [011 ] 
orientation of representative Si nanowires showing <112> → <111> kinking: (a) [211] → [111], (b) [112] 
→ [111], and (c) [121] → [111]. Scale bars: 100 nm. (d) Corresponding real-time in-situ infrared spectra 
of the n(Si-H) stretching region measured during <112> and <111> segment growth. (e) Schematic profile 
of substrate temperature and Si2H6 pressure as a function of time for <112> → <111> kinking. Condition I: 
2 × 10-4 Torr Si2H6 and 490 °C; Condition II: 5 × 10-4 Torr Si2H6 and 410 °C. Side view SEM images along 
the [011] orientation of representative Si nanowires showing <112> → <112> kinking: (f) [211] → [112], 
(g) [112] → [211], and (h) [121] → [112]. Scale bars: 100 nm. (i) Corresponding real-time in situ infrared 
spectra of the n(Si-H) stretching region measured during growth of two <112> segments. The blue dotted 
line, located between the 10 – 15 and 22 – 27 min spectra, marks the 1 min step at condition I prior to 
returning to condition II.  (j) Schematic profile of substrate temperature and Si2H6 pressure as a function of 
time change for <112> → <112> kinking. 
 
To examine <112> → <111> kinking, Si nanowires were subsequently elongated at 5 × 
10-4 Torr Si2H6 and 410 °C, denoted condition II, for 21 min and then returned to 2 × 10-4 
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Torr Si2H6 and 490 °C (i.e., I) for another 15 min (Figure 6.1e). Figure 6.1a-c show 
representative side view scanning electron microscopy (SEM) images, measured along 
the [011] direction, of the <112> → <111> transition that results from this sequence of 
steps. While the earlier I → II condition change does not immediately force a kink 
(Figure 6.2), it is important to note that <111> oriented growth begins almost instantly at 
the II → I transition. We confirm each of these growth orientation assignments with 
transmission electron microscopy (TEM), as discussed below. 
 
 
Figure 6.2: Side view SEM images of Si nanowires viewed along the [011] direction showing that the 
initial <111> → <112> kink, denoted by a red star, occurs at different axial positions: (a) [111] → [211], (b) 
[111] → [112], and (c) [111] → [121]. Scale bars: 100 nm. 
 
Figure 6.1d shows real-time in-situ infrared absorption spectra measured at 
multiple points, beginning at the I → II condition transition, for <112> and <111> 
segment growth. Spectra recorded from 7 - 14 and 14 - 21 min show an increase of two 
characteristic ν(Si−H) stretching modes at 2075 and 2090 cm-1, which we assign to 
hydrogen atoms adsorbed on {111} and {113} facets, respectively.13 These spectral 
features are consistent with the {111} and {113} facets previously reported, and also 
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discussed below, for <112> oriented nanowires.13, 25 However, spectra measured 
following the subsequent II → I condition transition, specifically for 27 - 32 and 32 - 37 
min, reveal that ν(Si−H) modes, and thus adsorbed hydrogen atoms, are no longer present. 
These data, in conjunction with our previous results for <111> → <112> kinking,13 
confirm the strong relationship between nanowire growth direction and adsorbed 
hydrogen atoms. Raising the concentration of adsorbed hydrogen increases the 
probability of a <111> → <112> kink, while lowering the concentration of adsorbed 
hydrogen results in an immediate <112> → <111> transition. 
We find a distinct situation for <112> → <112> kinking. Following the initial 
<111> segment growth, we synthesize the first <112> segment at condition II for 15 min 
and then form the second <112> segment by returning to condition I, but only for 1 min, 
and then resuming <112> elongation at condition II for the final 15 min (Figure 6.1j). 
Side view SEM images of Si nanowires with representative <112> → <112> kinks are 
displayed in Figure 6.1f-h. Unlike <112> → <111> kinking, we observe small diameter 
nanowires on the sidewalls of the first <112> segment and attribute their presence to Au 
diffusion on the sidewall.13, 26 Figure 6.1i shows the corresponding in-situ infrared spectra 
recorded during growth of both <112> segments. During growth at condition II, and 
similar to that observed at the 7 - 14 and 14 - 21 min time points in Figure 6.1d, the 
ν(Si−H) stretching mode intensity increases. These features are again attributed to 
hydrogen atoms adsorbed on {111} and {113} facets. However, growth of the second 
<112> segment results in a further increase of these modes, indicating that adsorbed 
hydrogen remains. We are not able to directly probe the hydrogen coverage during the 1 
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min application of condition I, but expect that some, if not all, of the hydrogen is 
temporarily removed via H2 desorption.27 
The <111> → <112> → <111> and <111> → <112> → <112> nanowire 
superstructures, owing to the degeneracy of the {112} and {111} crystallographic 
orientations, are both chiral. 
 
 
Figure 6.3: Left- and right-handed kinking superstructures. Top view SEM images of representative (a) 
[111] → [211] → [111] (false-colored red) and (b) [111] → [211] → [111] (false-colored blue) kinking 
superstructures. (c) Superimposition of the superstructures shown in (a) and (b). Top view SEM images of 
representative (d) [111] → [211] → [121] (false-colored red) and (e) [111] → [211] → [112] (false-
colored blue) kinking superstructures. (f) Superimposition of the superstructures shown in (d) and (e). Scale 
bars: 100 nm. 
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Figure 6.3a and 6.3b show top-down SEM images of two representative <111> → <112> 
→ <111> nanowires. When viewed in this manner, the first [111] segment is hidden. 
Here, the nanowires can kink from [211] to one of two degenerate <111> directions, [111] 
or [111], and the resulting nanowire is either left-handed (false-colored in red) or right-
handed (false-colored blue). By overlaying the SEM images of left- and right-handed 
nanowires, as shown in Figure 6.3c, we observe an angle of 120° as expected for two 
<111> segments when viewed in this direction (Figure 6.4). Analogous SEM images of 
left- and right-handed <111> → <112> → <112> nanowires are displayed in Figure 6.3d 
and 6.3e. As shown in Figure 6.3f, and expected for <112> segments, these nanowires 
exhibit an angle of 158° relative to each other (Figure 6.4). Due to the degeneracy of the 
<111> and <112> directions, Figure 6.3 is only showing a subset of the six structures 
possible for each type of kinking. We note that, without additional structural information, 
such a large number of available structures would that suggest high fidelity superstructure 
formation is unlikely. We return to this point below. 
 
 
Figure 6.4: Schematic illustrates of the terminal nanowire segments projected onto the (111) plane.  (a) For 
a <112> → <111> kink, the projection of the terminal segments ([111] and [111]) onto the (111) plane are  [112] and	 [121], and	, the angle between these vectors is 120°. (b) For a <112> → <112> kink, the 
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projection the terminal segments ([121] and [112]) onto the (111) plane are	 145 and	 [154]. ′, the 
angle between these vectors is	158.2°. 
 
We now use TEM to examine the crystal structure and presence of defects for our 
kinking superstructures. The first <112> segment, which is grown with condition II, 
always contains an odd number of TBs (Figure 6.5).18, 21  
 
 
Figure 6.5: Structural analysis of the initial <111> to <112> kink. (a-c) Bright field TEM images of Si 
nanowires viewed along the [011] zone axis. As described in the main text, the initial <111> segment is 
grown at 2 × 10-4 Torr Si2H6 and 490 °C (condition I) for 10 min and then 5 × 10-4 Torr Si2H6 and 410 °C 
(condition II) for the next 10 min. All Si nanowires exhibiting a kink contain an odd number of TBs, as 
indicated by the green dotted lines, parallel to the [211] direction: (a) 1, (b) 3, and (c) 5 TBs. Red arrows 
and stars indicate the nucleation point of the last formed TB and kink position, respectively. Scale bars: 100 
nm. (d) High resolution TEM image of the region indicated by the white box in (a) showing a single TB. 
Scale bar: 10 nm. (e, f) High resolution TEM images of the regions indicated in (b) showing the existence 
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of 3 TBs. Scale bars: 10 nm. (g) High angle annular dark-field (HAADF) scanning TEM image of the 
region indicated in (c) confirming 5 TBs. Scale bar: 2 nm.   
 
The TBs initiate from the broad {112} sidewall at the initial <111> → <112> kink. We 
propose that adsorbed hydrogen atoms, present for growth with condition II (Figure 6.1d 
or 6.1h), lowers the solid-vapor interface energy, modifies the force balance at the triple-
phase line, and increases the probability of TB nucleation. For the present discussion, we 
will simply focus on the presence of the TB in <112> oriented segments and note that 
additional studies are required to unravel the details of its initial nucleation. However, we 
find that the time between the application of condition II and kinking varies between 
nanowires (Figure 6.2) and, in some cases, the nanowires remain <111> oriented. These 
results suggest that a kinetic barrier separates <111> and <112> oriented growth and that 
the TB helps overcome it. 
Nanowire morphology near both <112> → <111> (Figure 6.1a-d) and <112> → 
<112> (Figure 6.1f-i) kinks is particularly informative. Figure 6.6 shows TEM and SEM 
images as well as summary illustrations for the <112> → <111> transition that show the 
direction change, facet evolution, and the fate of the TB. Importantly, distinct 
superstructures form when the nanowire selects different, yet degenerate, crystallographic 
directions (i.e., [111], [111], and [111] for the last <111> segment). However, when 
projected into the plane, these structures appear identical (Figure 6.7) and cannot be 
distinguished via TEM. Therefore, we label the sequence of segments shown in Figure 
6.6 as [211] → [111] for all the nanowires. When viewing the nanowire along the [011] 
zone axis (Figure 6.6a), we observe a (111) TB that propagates along the [211] growth 
direction and terminates at the sidewall near the kink. The FFT inset confirms its 
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assignment as a TB. The [211] segment is bounded by a (111)t facet, where the subscript 
t indicates that the facet belongs to the twinned lattice (Figure 6.6b).  
 
 
Figure 6.6: Sidewall facet morphology near a <112> → <111> kink. Nanowires in all images are labeled 
[111] → [211] → [111] for simplicity and as described in the text. (a, f, k) Low magnification bright field 
TEM images taken along [011], [110], and [213] zone axis, respectively. Each FFT inset is of the region 
near the kink. Scale bars: 100 nm. (b, c) High resolution TEM images of the regions boxed in (a). Scale 
bars: 5 nm. (g, h) High resolution TEM images of the regions boxed in (f). Scale bars: 5 nm. (l, m) High 
resolution TEM images of the regions boxed in (k). Scale bars: 5 nm. (d,i,n) 45° view SEM images 
highlighting the {111} facets (false-colored in red) shown in (a,f,k). {111} facets not observed via TEM are 
also noted (false-colored in blue). All facets belonging to the twinned domain are denoted with the 
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subscript t. TBs are indicated by green dotted lines and/or arrows. Scale bars: 100 nm. (e,j,o) Summary 
illustrations from the side and top of the [211] → [111] kink.  
 
The (111)t facet subsequently transitions to (311)t near the kink (Figure 6.6b) and then to 
(011) at the point where the TB intersects the sidewall (Figure 6.6c). Viewing the 
nanowire along the [110] zone axis (Figure 6.6f) allows us to see that a (113) facet also 
bounds the [211] segment (Figure 6.6g). This facet converts to (111) and then to (110) at 
the kink (Figure 6.6g,h). The FFT inset verifies that all of these facets belong to the 
original lattice. We also note that the (111) TB is not observable from this zone axis. 
Finally, viewing the nanowire along the [213] zone axis, in which both the [211] and 
[111] segment lie on the plane perpendicular to the zone axis, shows that the kink is 
bounded by another (111)t facet (Figure 6.6k-m). 
 
 
Figure 6.7: Side view SEM images of two distinct kinking superstructures, specifically (a) [111] → [211] 
→ [111] and (b) [111] → [211] → [111], exhibiting a nearly identical projection onto the [011] plane. 




We note that the FFT inset of Figure 6.6k shows a diffraction pattern that does not 
correspond to a single crystalline diamond cubic lattice. Additional TEM images of the 
[211] → [111] kink are shown in Figure 6.8 and help explain this observation. The lattice 
fringes (Figure 6.8b,c) and FFT patterns (Figure 6.8d,e) observed at the points indicated 
in Figure 6.8a are clearly distinct. The FFT pattern in Figure 6.8d corresponds to 
diamond cubic Si viewed along the [213] zone axis.28 As illustrated in Figure 6.8f, [451] 
is not the orientation of the nanowire sidewall. This can be understood by considering the 
irregular hexagonal cross section of <111> oriented Si nanowires,29, 30 where the broad 
{121} sidewall is angled 19° relative to [451]. On the other hand, the FFT image in 
Figure 6.8e exhibits a pattern consistent with two lattices exhibiting a twinned 
relationship.28, 31 Diffraction spots associated with the original lattice, and similar to those 
seen in Figure 6.8d, are labeled in white. An additional set of diffraction spots, labeled in 
yellow, are also present and result from the twinned region. Based on this double 
diffraction pattern, we assign the surface facet shown in Figure 6.8c to (111)t (Figure 
6.8g). Since the TB orientation is neither vertical nor parallel to the zone axis, it is not 
visible in these images. The observation of distinct diffraction patterns for different 
regions of the nanowire provides additional evidence that the [211] → [111] kink results 




Figure 6.8: Analysis of odd diffraction pattern at [211] → [111] kink. (a) Low magnification bright field 
TEM image along [213] zone axis of representative [211] → [111] kink. Scale bar: 50 nm. High resolution 
TEM images of the nanowire measured, as denoted by the dotted boxes in (a), near the (b) catalyst droplet 
tip and (c) [211] → [111] kink. Scale bars: 10 nm. (d, e) FFT diffraction patterns corresponding to the 
TEM images in (b, c). The diffraction patterns in (d) and (e) confirm that these regions are single-
crystalline and twinned, respectively. (f, g) Schematic illustration of nanowire cross-section at each point 
indicated in (a). 
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 Figure 6.9 compares the morphology of [211] → [111] and [211] → [112] kinks 
viewed along the [011] direction. The observed kink direction (Figure 6.9a,b) and TB 
propagation (Figure 6.9c,d) for these situations exhibit critical differences. As shown 
above, when a [211] nanowire kinks to [111], the (111) TB terminates at the sidewall of 
the [111] segment (Figure 6.9c). Strikingly, the TB continues when a [211] nanowire 
kinks to [112] (Figure 6.9d, Figure 6.10). The inset high resolution TEM image clearly 
shows that the TB extends to the liquid-solid interface. We also note that the liquid-solid 




Figure 6.9: Comparison of TB propagation at [211] → [111] and [211] → [112] kinks. Side view SEM 
images along the [011] direction of representative (a) [211] → [111] and (b) [211] → [112] kinks. The 
approximate location of each TB is denoted by green dotted lines and arrows. Important sidewall facets are 
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false-colored in red. Scale bars: 100 nm. (c) Low magnification bright field TEM image along the [011] 
zone axis of the [211] → [111] kink showing that the TB terminates at the sidewall of the [111] segment. 
Scale bar: 50 nm. (d) Low magnification bright field TEM image along the [011] zone axis of the [211] → 
[112] kink. The TB does not terminate in this situation, but propagates inside the new [112] segment. 
Scale bar: 50 nm. Inset: High resolution TEM image showing the TB and faceting of the liquid-solid 




Figure 6.10: (a) Low magnification bright field TEM images along the [011] zone axis of a Si nanowire 
kinking superstructure showing that the TB continues at a <112> → <112> kink. (b) Rotation of the same 
nanowire by 30° around the [111] direction confirms that two <112> segments, specifically [211] and 
[112], are present. The Au catalyst tip likely detached during ultrasonication in preparation for TEM 
imaging. Scale bars: 100 nm. 
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Figure 6.11: Schematic illustration of growth front morphology, particularly liquid-solid interface faceting, 
as a function of kink type and growth time. The liquid-solid interface of the first [211] segment exhibits 
two {111} facets oriented 141° with respect to each other. At a [211] → [111] transition, the liquid-solid 
interface front facet becomes flat, similar to traditional <111> growth, and the TB terminates. However, our 
data and proposed model indicate that a [211] → [112] transition results in a liquid-solid interface that is 
inverted with respect to the first [211] segment. Two {111} facets, oriented 219° relative to each other, are 
now present. 
 
We propose a mechanism for [211] → [111 ] and [211] → [112 ] kinking, 
schematically illustrated in Figure 6.12, which is based on our observations of growth 
direction, adsorbed hydrogen, TB propagation, and sidewall faceting. The morphology, 
and thus mechanism of formation, for both kinks is initially similar. When the nanowire 
grows in the [211] direction, it is bounded by 4 {113} sidewalls, specifically (113 ), 




Figure 6.12: Proposed kinking mechanism. (a) The liquid-solid interface of [211] nanowires growing under 
condition II consist of (111)SL and (111)SL,t facets with an angle of 141° between them. (b) After 
transitioning to condition I, 4 {111} facets emerge from the {113} sidewalls, distort the triple-phase line, 
and cause the catalyst droplet to wet the (111)SL,t and (111)SL facets while the (111)SL and (111)SL,t facets 
shrink. (c) At a later time, the liquid-solid interface completes its transition to (111)SL,t and (111)SL. (d) For 
nanowires that then grow in the [111] direction (continuation of condition I), the liquid-solid interface 
becomes (111)SL and the TB terminates at the sidewall. (e) Nanowires that continue growth in the [112] 
direction (condition II reapplied after 1 min at condition I) exhibit (111)SL,t and (111)SL facets at the liquid-
solid interface. These liquid-solid facets, which are angled 219° with respect to each other, are inverted 
relative to the case for the [211] segment shown in (c). Importantly, the TB is continuous between the [211] 
and [112] segments. 
 
Reports of similar sidewall morphologies are consistent these results.25 The liquid-solid 
interface consists of (111)SL and (111)SL,t planes and the TB intersects the edge between 
them. Since the TB is higher in energy than the (111)SL and (111)SL,t surfaces, nucleation 
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is likely pinned here.18, 19, 21, 32 Thus, for [211] growth, nucleation can occur at or near one 
of the two points where the TB intersects the triple-phase line. When reverting to growth 
conditions that favor <111> growth (i.e., I), (111) and (111)t facets emerge from the 
(113) and (131)t facets, respectively. On the opposite side of the nanowire, the (131) and 
(113)t facets transition to (111) and (111)t facets, respectively. A reduction of the liquid-
solid interface area occurs as this process continues and eventually causes the catalyst 
droplet to wet the recently formed {111} facets. At this point, the liquid-solid interface 
consists of the original (111)SL and (111)SL,t planes as well as (111)SL and (111 )SL,t 
planes (Figure 6.12b). The new (111) and (111)t facets continue to elongate until only 
the (111)SL and (111)SL,t planes comprise the liquid-solid interface (Figure 6.12c). Such 
behavior is supported by in situ TEM measurements of nanowires kinking away from the 
<111> direction.24 Importantly, our infrared data, which show that adsorbed hydrogen 
atom removal is coincident with [211] → [111] kink formation, strongly indicates that 
hydrogen influences facet formation and catalyst wetting behavior.13  
The mechanisms for [211] → [111] and [211] → [112] kinking diverge beyond 
this point due to the continuation of growth with condition I or by switching to condition 
II, respectively (vide supra). For a [211] → [111] kink, the (111)SL,t facet continues to 
shrink and the (111)SL facet ultimately dominates the liquid-solid interface (Figure 6.12d). 
The TB is now propagating at a 19.5° angle relative to the new [111] growth direction, 
eventually meeting with and terminating at the nanowire sidewall. The situation is 
distinct for [211] → [112] kinking. Since condition II’, which favors <112> growth, is 
applied after 1 min, the TB is not able to reach the nanowire sidewall and it continues to 
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propagate along the new [112] growth direction (Figure 6.12e). Here, the liquid-solid 
interface, analogous to the [211] segment, is comprised of (111)SL and (111)SL,t facets. 
We now address the importance of this mechanism within the context of kinking 
superstructures specifically and nanowire growth in general. Foremost, our data indicates 
that the presence of a continuous TB at [211] → [112] kinks underlies high fidelity 
superstructure formation.8 The TB, by virtue of the nucleation pinning associated with it, 
reduces to 2 (i.e. [121] or [112]) the number of available growth directions from as many 
as 23 possibilities. Therefore, <112> → <112> kinking superstructures always occupy 
the same plane as the continuous TB and exhibit a fixed kink angle of 120°, as previously 
reported.8 However, in the event that the TB terminates, which occurs in [211] → [111] 
structures or in [211] → [112] structures with a sufficiently long step at condition I, 
fidelity is lost. Upon TB elimination, nucleation likely returns to the truncated facets on 
{112} sidewall (e.g. (121), (211), and (112) sidewall facets of [111] segment).33, 34 
When another <112> segment is added, by again applying condition II, the next TB can 
initiate from any of these sidewalls, and thus propagate in 3 different orientations (Table 
6.1 and 6.2). Thus, the superstructure will exhibit a reduced persistence length. This 
mechanism also predicts that the liquid-solid interface of the [112] segment will consist 
of (111)SL and (111)SL,t facets that intersect with an angle of 219° (Figure 6.11). This 
angle implies the [211] and [112] segments, despite their degeneracy, exhibit liquid-solid 
interfaces that are inverted with respect to each other. We are able to identify this 




Table 6.1: Possible orientations of the 3rd and 4th segments for a <111> → <112> → <111> → <112> Si 
nanowire kinking superstructure. 
 
2nd segment - <112> 3rd segment - <111> 4th segment - <112>a 
[211] 
[111] [211] [121] 
[112] 
[111] [211] [121] 
[112] 
a This configuration assumes the TB present in the 2nd segment (i.e., <112>) terminates in the 
3rd segment (i.e., <111>). 
 
Table 6.2: Possible orientations of the 3rd and 4th segments for a <111> → <112> → <112> → <112> Si 
nanowire kinking superstructure. 










Figure 6.13: Bright field TEM images of the growth front for a Si nanowire after the (a) first and (b) 
second <112> segment. Note the inverted relationship of the liquid-solid interface. Inset: FFT diffraction 
patterns confirm the presence of a TB. Scale bars: 20 nm. 
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The above discussed morphological changes, when considered in conjunction 
with changes to surface hydrogen coverage, also provide insight into the processes that 
most impact nanowire growth. Foremost, the possibility of two different liquid-solid 
interface geometries and thus contact angles under the same growth conditions, as 
predicted by continuum modeling,35 indicates that the liquid-solid and liquid-vapor 
interface energetics are unlikely to drive the kinking transition. The observed TB 
termination for [211] → [111] kinking, despite the favorability of nucleation at the TB, 
also indicates that the TB does not strongly influence growth energetics. Rather, it is 
likely that surface hydrogen strongly impacts the solid-vapor interface energy, modifies 
the force balance, and favors <112> oriented nanowires. While the TB may initially help 
overcome the kinetic barrier separating stable <111> and <112> growth modes, it does 
not appear essential for <112> growth. In fact, there are multiple of examples kinked 
nanowires without internal defects.9, 36, 37 
 
6.5. Conclusion 
 We show that Si nanowire kinking superstructures comprised of <112> segments 
exhibit a continuous TB that lies in the same plane as the superstructure. We propose a 
mechanism by which nucleation pinning at this TB reduces the symmetry of the growth 
front, restricts the number of available growth directions, and results in high fidelity 
superstructures for this system. The presence of adsorbed hydrogen atoms only during 
<112> growth, in conjunction with the observation of multiple liquid-solid interface 
morphologies and TB elimination for <112> → <112> and <112> → <111> kinking, 
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respectively, supports the importance of solid-vapor chemical bonding. Our data suggest 
that future attempts to engineer alternative, and simultaneously high fidelity, kinking 
superstructures should combine (1) novel chemistries, to favor different growth directions 
by modifying the force balance at the triple-phase line, and (2) a structural feature, for 
example a planar defect, to limit the number of nucleation points. 
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 Throughout this thesis, we have presented the role of surface chemistry on 
controlling semiconductor nanowire structures, which have been previously 
underestimated in the nanowire growth kinetics. We have hypothesized that the change of 
solid-vapor interface energy via formation of chemical bonding is sufficient to change the 
nanowire morphology, and chosen Au catalyzed VLS grown Si nanowires as model 
system, to investigate surface hydrogen produced from Si2H6 precursor decomposition 
existing on the nanowire sidewalls. Since the traditional nanowire analysis has been 
relied on the microscopic measurement techniques such as TEM, which are not 
appropriate for the detection of short-lived surface hydrogen, we have developed a 
custom system composed of an ultrahigh vacuum chamber and in situ IR spectroscopy. 
 As the first result of this research, we have proven the existence of surface 
hydrogen on the sidewalls of Si nanowires in real-time during for the first time,1 as 
described in Chapter 3. This result provides the insight of the sidewall facet change 
during the nanowire growth, and important correlation between the amount of surface 
hydrogen and nanowire growth orientation. Specifically, we observed the <111> oriented 
nanowires when there is low concentration of surface hydrogen, whereas <112> 
nanowires with larger amount of hydrogen. Since this correlation is based on the 
condition-dependent intrinsic change of hydrogen, we presented the direct proof of the 
role of surface hydrogen on the nanowire growth direction change, by introducing 
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external hydrogen radicals under the intrinsic hydrogen-deficient growth condition. These 
results reveal the critical role of hydrogen near the triple-phase line and create new 
opportunities to control the structure and physical properties of semiconductor nanowires 
via surface chemistry. We also expect these findings are of general importance and can 
be utilized to advance the rational engineering of semiconductor nanowire systems. 
 In chapter 4, we demonstrated that user-defined changes to growth conditions 
permit the introduction of planar defects in Si nanowires.2 Transverse TBs, which are 
rarely observed during Au-catalyzed Si nanowire growth, and SFs were rationally 
generated for the first time. Our data suggests that surface chemistry plays a role in the 
defect generation process. We determine a lower bound on the overall defect introduction 
efficiency between 60 and 65% and expect that judicious choice of catalysts and 
precursor species will improve this value. Rational selection of defect type (i.e. TB or SF), 
which still remains challenging in III-V nanowires, is not yet possible for Si nanowires 
and will require additional insight into defect introduction mechanism. We expect that 
these results will open new routes to engineer defect superstructure and materials 
properties in Si nanowires specifically, and all semiconductor nanowires in general. 
 On a similar subject, we showed that consecutive/multiple transverse TBs are 
possible in <111> oriented Si nanowires and that their spacing is controlled by sidewall 
morphology in Chapter 5.3 As described in Chapter 4, the formation of first TB (TB1) is 
driven by inward moving {111} facets that form following an abrupt increase in Si2H6 
pressure and decrease of substrate temperature. However, another TB (TB2) results from 
a different set of thin {111} facets that traverse the {110} sidewall. Both mechanisms, 
while distinct in their details, deform the triple-phase line and eventually favor TB 
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nucleation. Detailed measurements of the sidewall show that {110} facet width 
determines TB2 position and support the proposed model of nanowire morphology. Even 
though the introduction efficiency of TB1 and TB2 is still remained as low, we suggest 
that the stabilization of {111} facets (i.e. relative to {112}), possibly via surface 
functionalization or modification of catalyst droplet composition, will enable the 
fabrication of periodic defect superstructures similar to those seen in III-V nanowires.  
 In Chapter 6, we showed that Si nanowire kinking superstructures comprised of 
<112> segments exhibit a continuous TB that lies in the same plane as the superstructure. 
The presence of adsorbed hydrogen atoms only during <112> growth, in conjunction 
with the observation of multiple liquid-solid interface morphologies and TB elimination 
for <112> → <112> and <112> → <111> kinking, respectively, supports the importance 
of solid-vapor chemical bonding. Our data suggest that future attempts to engineer 
alternative, and simultaneously high fidelity, kinking superstructures should combine (1) 
novel chemistries, to favor different growth directions by modifying the force balance at 
the triple-phase line, and (2) a structural feature, for example a planar defect, to limit the 
number of nucleation points.  
 In overall, this study has shown the role of surface chemistry on the control of 
morphology and crystal structure of semiconductor nanowires. Our finding suggests that 
surface chemistry can explain various phenomena observed from VLS grown nanowire 
systems which have been remained as unclear. We also suggest further investigation on 
the surface functional groups other than hydrogen will enable the advanced engineering 
of nanowire structures in general, as several demonstrations using methyl groups (i.e. –
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